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The main objective of this thesis is to explore the defect mediated structural, optical, electrical 
and magnetic properties of titanium oxide (TiO2) based alloy thin films grown by pulsed laser 
deposition (PLD). Such properties can be harnessed for suitable applications in the field of 
optoelectronics and spintronics as transparent conducting oxides (TCO) and defect induced 
diluted magnetic semiconductors (DMS) respectively. 
Single crystal thin films of pure TiO2 and tantalum (Ta) incorporated TiO2 (Ti1-xTaxO2) were 
grown epitaxially on lattice matched substrates such as LaAlO3 and SrTiO3. By varying the 
deposition temperatures and the oxygen partial pressures in the PLD process, both anatase and 
rutile polymorphs of TiO2 were grown. By investigating the growth dependence of the different 
phases of TiO2 on the deposition parameters, an elaborate phase diagram was developed.  
Rutherford backscattering-Ion Channeling (RBS) spectroscopy was used to study the crystal 
structure of all the films deposited. RBS-Ion Channeling studies showed that the crystallinity of 
the thin films improved with increasing deposition temperature and increasing oxygen partial 
pressure. Films with higher Ta incorporation also showed higher crystallinity. X-Ray Diffraction 
studies showed a lattice expansion in TiO2 with Ta incorporation in the out-of-plane direction. 
This was further supported by the Raman spectroscopy data which showed the softening of the 
out-of-plane vibrational modes and  the hardening of the in-plane vibrational mode. 
Ultra Violet-Visible (UV-Vis) Spectroscopy was done on both anatase and rutile samples to 
study the effect of Ta incorporation in TiO2. The band gap of both anatase and rutile samples 
showed a blue shift with increasing Ta concentration. Using electrical transport data, it was 
argued that the band structure of TiO2 undergoes a drastic change with Ta incorporation resulting 
in the formation of a new alloy system. High energy optical reflectivity measurements were done 
ix 
 
to directly detect the huge spectral weight shift in the spectra for pure TiO2 and Ti1-xTaxO2. This 
further confirmed the role of Ta in varying the band structure of TiO2.  
Ta incorporation in TiO2 is believed to enhance the formation of cationic vacancies such as 
titanium vacancies (VTi) and suppress the formation of anionic vacancies such as oxygen 
vacancies (VO) in a crystal.  
The cationic defects in a crystal lattice have been predicted to form magnetic centers. Such 
magnetic centers scatters electrons resulting in an up-turn of the resistivity curve as function of 
temperature. This phenomenon, known as Kondo effect has been found in Ti1-xTaxO2 thin films. 
Thorough and systematic Hall measurements have also been done on Ti1-xTaxO2 thin films to 
study the variation of carrier density and electron mobility with deposition conditions. 
Defect mediated magnetism is an alternate and a more trustworthy route to DMS oxides. Ti1-
xTaxO2 thin films with cationic defects and enough free carriers showed ferromagnetism (FM) at 
room temperature (RT). Extensive impurity analysis has been done by RBS, Proton Induced X-
Ray Emission Spectroscopy (PIXES), X-Ray Absorption Spectroscopy (XAS) and Secondary 
Ion Mass Spectrometry (SIMS) to rule out the presence of any magnetic impurities in the thin 
films. Soft X-Ray Magnetic Circular Dichroism (XMCD) and Optical Magnetic Circular 
Dichroism (OMCD) measurements were done to confirm the origin of the magnetism to be 
predominantly cationic defects. Detailed Superconducting Quantum Interference Device 
(SQUID) Magnetometry measurements were done to study the variation of magnetism with 
deposition conditions. Based on these measurements, a plausible model is devised for the defect 
mediated magnetism in Ti1-xTaxO2 thin films. 
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Metal oxides are one of the most versatile material systems in terms of exhibited properties and 
potential applications. Oxides can range from insulators to conductors [1], transparent 
conductors [2] and even superconductors [3, 4]. They find applications in CMOS devices [5], 
memristors [6], optoelectronic devices [7, 8], solar panels [9], detectors [10], fuel cells [11] and 
even as chemicals or catalysts [12, 13]. Phenomenal progress has been made in the synthesis and 
growth of high quality functional metal oxide films, nanomaterials and interface systems in 
recent times [14]. This promises the emergence of an even more advanced frontier in the 
research and application of „oxide electronics‟. Titanium oxide (TiO2) being one of the most 
important oxides [15], the present thesis deals with defect mediated properties in single crystal 
TiO2 thin films.  
 
1.1 Fundamental Physical Properties of TiO2 
1.1.1 Crystalline Structure of TiO2 
TiO2 is a wide band gap semiconductor with three distinct structural polymorphs: rutile, anatase 
and brookite. Rutile is the most stable structure in the bulk form and has been the more well 
studied system among the three [16, 17]. The rutile structure is very simple as shown in Fig. 1.1a 
It is characterized by the tetragonal space group P42 /mnm . The unit cell contains two TiO2 units 
with Ti at (0,0,0), ( 1/2 , 1/2 , 1/2 ), and O at ± (u,u,0), ± (u+1/2 , 1/2-u, 1/2). The lattice 











[18, 19]. Each Ti ion is octahedrally coordinated to six O ions and this TiO6 octahedron is 
distorted. The four equatorial O ions are in the plane of (110). The equatorial Ti-O bond length is 
~1.95 Å, while the apical Ti-O bond length is ~1.98 Å. The octahedra form chains that share 
edges along the [001] direction and share vertices in the (001) plane. 
Anatase TiO2 has been of more interest to the research community in the recent times. In its 
anatase phase, TiO2 has been shown to be metallic in nature, making it a possible replacement to 
tin doped indium oxide (ITO). Adding to that, the Kondo effect has also been observed in the 
anatase phase of TiO2, making it more interesting a system for studying defect mediated novel 
properties. The anatase structure of TiO2, is shown in Fig. 1.1 (B). It belongs to the tetragonal 
space group I4/amd [20, 21] with the unit cell containing two TiO2 units. The Ti ions are at (0, 0, 
0) and (0, 1/2, 1/4) and the O ions are at (0, 0, u), (0, 0,-u), (0, 1/2, u+1/4) and (0, 1/2, 1/2-u). The 
lattice parameters are a=b=3.782 Å, c = 9.502 Å, and u = 0.208 Å [18, 19]. As in the rutile 
structure, each Ti ion is octahedrally coordinated to six O ions. The octahedrons are also 
distorted, with the short Ti-O bond length of  ~1.93 Å and long bond length of ~ 1.98 Å, forming 
zigzag chains along the [100] and [010] directions. 
The brookite phase of TiO2 is very unstable and has a complex structure as shown in Fig. 1.1 (C) 
[20, 21]. It is characterized by the orthorhombic space group Pbca. The Ti ion is octahedrally 
coordinated to six O ions as well. In contrast to that of rutile and anatase, the Ti-O bond length in 
the octahedron is different from each other and ranges from 1.87 to 2.04 Å. The O-Ti-O bond 





























1.1.2 Electronic Band Structure of TiO2 
There has been some controversy with the electronic band structure of rutile TiO2 regarding the 
nature of the bandgap. Although many theoretical studies have found rutile TiO2 to have a direct 
bandgap, experiments have proved otherwise. The direct bandgaps range from 1.67 eV to 3.25 
eV for local density functional approximation (LDA), 1.69 eV to 4.45 eV for generalized 
gradient approximation (GGA) and over 3.4 eV to 13.05 eV for Hartree-Fock (HF) calculation 
[21-29]. However, more recently, using the Bagayoko, Zhao and Williams (BZW) method of 
calculation, the indirect bandgap ( from Γ to R) of rutile TiO2 was calculated to be 2.95 eV. 
There seems to be a lesser disagreement for the anatase TiO2 with almost everyone reporting an 
indirect bandgap for this particular polymorph. Using first principle orthogonalized linear 
combination of atomic orbitals (OLCAO) method, the valence band maximum (VBM) was 
 
Rutile Anatase Brookite 
Crystal System Tetrahedral Tetrahedral Orthorhombic 
Point Group 4/mmm 4/mmm Mmm 
Space Group P42/mnm I41/amd Pbca 










1 10  





b(Å) 4.578 3.782  
c(Å) 2.954 9.502 5.145 
Volume (A
3
) 62.07 136.25 257.38 
Molecule/unit cell 2 4 8 
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found to be located at M while the conduction band minimum (CBM) was found to be located at 
Γ. The bandgap was calculated to be about 2.04 eV.  
Total density of states (DOS) and partial density of states (PDOS) calculations for each 
component (O2s, O2p and Ti3d) of TiO2 show that the upper valence band (VB) mainly consists of 
O2p with a width of ~ 6.22 eV and the lower VB consists of O2s with a width of ~1.94 eV for the 
rutile polymorph. For the conduction band (CB), the lowest band is mainly composed of Ti3d 
having a width of 5.9 eV. The octahedral coordination causes a crystal field splitting of the Ti3d 
bands into two sub-bands: eg and t2g. The eg orbitals ( 2zd and 2 2x yd  ) point directly towards the 
oxygen ligands forming s-type orbitals. The t2g orbitals ( xyd , xzd  and yzd ) point in between  the 
oxygen neighbours and form π-type bonds. There is a strong O2p and Ti3d hybridization.  
For anatase TiO2, the general features of the electronic bands are almost similar to that of the 
rutile except for slightly narrower upper and lower VBs. The strong hybridization between O2p 
and Ti3d bands exists in the anatase polymorph too. Even though, the electronic band structure 
for the anatase and the rutile structures are not that different their electrical transport, optical and 
magnetic properties appear to be quite distinct.   
   
1.2 Defects and Dopings in Semiconductors 
1.2.1 Intrinsic and Extrinsic Defects in Semiconductors 









). In terms of the band 
structure and band gaps, a band semiconductor should have a forbidden band gap of less 4 eV 
between its CBM and VBM as shown in Figure 1.2. At absolute zero temperature, the CB of a 
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semiconductor is completely empty while its VB is completely filled. As such, with completely 
filled and completely empty bands, there is no conduction in semiconductors at absolute zero. 
With increasing temperature, the electrons at the top of the VB are excited to the bottom of the 
CB, leaving a hole at the VB. The electron in the CB and the hole in the VB are mobile and can 
thus induce conductance in the semiconductors.  
In its native state, an intrinsic semiconductor contains defects arising during the various growth 
and fabrication processes. There are many possibilities of such intrinsic defects. As for example, 
a semiconductor can have different types of one-dimensional point defects such as vacancies, 
interstitials and antisites. In a vacancy, as the name suggests, an atom is missing from its site in 
the crystal lattice. For interstitials, the atom is residing in the free space in the crystal instead of 
its actual position. We have an anitsite type of defect, when a cation sits at the anion position in 
the crystal lattice and vice versa.  
Intrinsic defects of higher dimensionalities, such as dislocations, grain boundaries, twins and 
stacking faults are also prevalent in semiconductor crystals. However, intrinsic semiconductors, 
with lower conductivity as compared to metals have few possible applications. Hence, extrinsic 




Figure 1.2: Schematic band structures of (a) metal, (b) semiconductor and (c) insulator. 
 
technologically much more important. Extrinsic semiconductors can be classified into p-type and 
n-type semiconductors based on the majority carriers in the system. Impurity atoms with more 
outer shell electrons than the constituent host atom are called n-type dopants or donors. The 
semiconductors with n-type dopants are called n-type semiconductors and have electrons as the 
majority carriers. The most common examples of such n-type semiconductors are the group IV 
elements (silicon, germanium and tin) doped with group V elements (phosphorous, arsenic and 
antimony). On the other hand, impurity atoms with less outer shell electrons than the constituent 
atom are called p-type dopants or acceptors. The semiconductors with p-type dopants are called 
p-type semiconductors and have holes as the majority carriers. The most common examples of 
such p-type semiconductors are the group IV elements doped with group III elements (indium, 






Figure 1.3: Effect on the band structure of a semiconductor due to (a) n-type and (b) p-type doping. 
 
In the band structure, n-type dopants create shallow donor levels below the CBM, while the p-
type dopants form shallow acceptor levels just above the VBM as shown in Figure 1.3. Thermal 
activation can excite the electrons from the donor levels to the CB enhancing the number of 
electrons in a n-type semiconductor. Similarly, for a p-type semiconductor, thermal activation 
would excite electrons from the VB to the acceptor levels creating majority holes in the VB. The 
ionization energies for the thermal excitations can be calculated using the hydrogen atom model 
with the dielectric constant (ε) of the host semiconductor and the effective mass (m*) of the 
electron/hole in the crystal. The acceptor/donor ionization energy can be written as  









                            (1.1) 
1.2.2 Thermodynamics of Defect Formation and Compensation 
While the formation energies of defects (intrinsic or extrinsic) govern their concentration in a 
semiconductor crystal, the concentrations of the defects existing in a crystal influence the 
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formation energies of further defects in the system. Defects introduced in a system can be of two 
types: uncharged  0A  or charged  A .  
Introduction of an uncharged impurity  0A  into a host crystal, depends on the chemical 
potential of the impurity, A . The formation energy for such a defect is given by [30]  
                           0 0 0host total A hostE A E A E                          (1.2) 
Where  0hostE A  = the total energy of the host crystal containing one uncharged impurity; 
 0totalE  = the total energy of the host crystal without any impurity; A  = the chemical 
potential of the impurity in the reservoir from which it is taken and host  = the energy of the 
host atoms in its reservoir. For a binary compound, host Anion Cation    . 
On the other hand, introduction of a charged defect involves two energy costs to the host lattice. 
Firstly, energy is required to ionize a neutral defect state to a charged one. Secondly, energy is 
required to extract/replace a charge into the Fermi sea. As such, the formation energy for 
introducing a charged donor impurity is given by 
                      0 0host total FermiE A E A E A A qE           (1.3) 
Where  0totalE A A  = the total energy of the host crystal containing an impurity of 
charge q and FermiqE = the energy associated with the charge which resides in the Fermi 
reservoir.  
The equivalent equation for the introduction of a charged acceptor impurity is given by 
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                      0 0host total FermiE A E A E A A qE          (1.4) 
Introducing extrinsic charged defects to a crystal induces the phenomenon of charge 
compensation, by which, the crystal favors the formation of oppositely charged intrinsic defects. 
Compensation is a self correcting process for the crystal in order to lower its energy state. If an 
extrinsic acceptor defect is introduced into an n-type material, an acceptor defect level is formed 
just above the VB. The host lattice tends to „compensate‟ this extrinsic defect by dropping an 
electron from the CB or the donor level to bring the host lattice to its original state [31, 32].  
Apart from charge compensation, there is another type of self correcting process for the 
semiconductor crystals. For example, introduction of donor impurities  A  in a host lattice 
increases its Fermi energy. This in turn increases the formation energies of any further donor 
impurities in the system and reduces the formation energy of acceptor impurities as can be 
verified from Eq 1.3 and Eq. 1.4. With continuous doping of donor impurities, the formation 
energy of donor impurities will keep increasing until it becomes more than the formation energy 
of acceptor impurities. At this stage the crystal will start developing acceptor impurities to 
„compensate‟ the excessive donor impurities. As such, there is an upper limit to which a crystal 
can sustain defects of a certain nature. The following are the doping principles derived [33, 34]: 
 Whereas n-type doping is favorable in systems with CBM far from the vacuum level, p-
type doping is favorable for systems with VBM close to the vacuum level 
 As p-type native defects such as cation vacancies (VC) impede n-type doping, one can 
overcome it by designing growth conditions, such as cation-rich growth conditions in the host, 
which destabilize cation vacancies. And as n-type native defects such as anion vacancies (VA) 
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impede p-type doping, one can overcome it by designing growth conditions, such as anion-rich 
growth conditions in the host, which destabilize these hole-killer defects. 
 Anion-substituting dopant is more soluble under host anion poor (host cation rich) growth 
conditions, whereas cation-substituting dopant is more soluble under host-cation poor (host anion 
rich) growth conditions. 
 The cation ( or anion) dopant is easier to substitute into the host-cation site if the 
chemical bonding between dopant and host-anion (or host-cation) is stronger than that between 
the host-cation and anion 
 
1.3 Applications of TiO2 
Without any doubt, TiO2 is one of the most widely used and researched oxides. TiO2 finds 
application in heterogeneous catalysis, as a photocatalyst, in energy conversion for the 
production of hydrogen and solar electric energy, as gas sensor, as white pigment, as corrosion-
protective coating, as an optical coating, in ceramics, with potential for TCO in solar panels, flat 
panel displays and other opto-electronic devices. They are also used in other electronic devices 
such as varistors and may even find usage in MOSFETs as gate insulators or as spacer material 
in magnetic spin-valve systems. Nanostructured TiO2 is used in Li-based batteries and 
electrochromic devices. TiO2 is also used heavily in the medical industry and plays an important 
role in the biocompatibility of bone implants. The findings in this thesis will hopefully clear 
some very fundamental questions regarding TiO2 based alloys as dilute magnetic 
semiconductors. This will advance the possible usage of TiO2 in next generation spintronic 





Structural Analysis of Pulsed Laser Deposited Ti1-xTaxO2 Thin Films 
2.1 Pulsed Laser Deposition Technique  
Pulsed laser deposition (PLD) has clearly emerged as one of the premier thin film deposition 
technologies for multi-elemental compounds such as superconductors, conductors, ferroelectric, 
ferromagnetic and electro-optic materials. The success of PLD in the deposition of wide variety 
of materials has spurred research activities all around the globe. Virtually any material, from 
pure single elements to multi-component compounds can be deposited using a PLD at a 
relatively low cost. Faithful reproduction of the stoichiometry of the charged material and in situ 
deposition of oxides without the requirement of any post-deposition process adds to the 
advantage of the technique. On top of all these, the conceptual and the experimental simplicity of 
the process has been the biggest reason for its popularity in the field of experimental solid state 
physics [35]. 
Figure 2.1 shows the simple schematic diagram of a PLD experimental setup. It consists of a 
target and a substrate holder maintained in a vacuum chamber. A high power laser is used as an 
external energy source to vaporize material from the target to be deposited on the substrate as 
thin films. Optical mirrors and lenses are used to guide the laser into the chamber and focus it on 
the target surface. Film growth can be carried out in a reactive environment using any kind of 
gas. Although the hardware involved with the PLD process is pretty simple, the physics involved 





Figure 2.1: Schematic diagram of a pulsed laser deposition chamber. 
 
characteristics (uniformity, energy density, pulse duration, repetition rate), as well as the optical, 
topological and thermodynamic properties of the target. The modality of the scanning of the 
beam on the target can play a crucial role in the morphology of the film in terms of its surface 
roughness. 
When the laser radiation is absorbed by a solid surface, electromagnetic energy is converted first 
into electronic excitation and then into thermal, chemical and even mechanical energy to cause 
evaporation, ablation, excitation, plasma formation and exfoliation. Though many a models have 
been developed to explain the laser-solid interactions, none of them are successful to account for 
all the observations relating to the process. The simplest of the models, based on the thermal 
effect, can accurately describe beam-solid interactions under the low power density range. 




, the model seems to fail. The 
different models developed identified the three possible absorption processes of laser energy as 
the volume absorption by the electrons and phonons in the lattice, the free carrier absorption at 
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the surface and the absorption by the plume. A further detailed description of the film growth 
using the PLD technique has been discussed in the appendix (Appendix A.1).          
In this chapter, we discuss the growth of thin films of Ti1-xTaxO2 that have been studied in the 
subsequent chapters of this thesis. PLD technique has been used for the film fabrication. X-Ray 
Diffraction (XRD) studies have been done on the single crystal films grown to ascertain the 
phase of the films grown at various temperatures and oxygen partial pressures. An elaborate 
phase diagram for the different polymorphs of TiO2 has been developed. XRD and Raman 
Spectroscopy is used study the effect of Ta incorporation in the TiO2 crystal. Rutherford 
backscattering (RBS) – Ion channeling spectrometry was done to study the crystal quality of the 




 sites in the crystal lattice. Ion channeling studies for 
films grown at different growth conditions show us the optimum condition for the growth of 
highly crystalline thin films. Atomic Force Microscopy (AFM) has been used to measure the  
roughness and the surface topography of the films produced.  
 
2.2 Ti1-xTaxO2 Thin Film Preparation 
Thin films of Ti1-xTaxO2 were prepared using PLD technique. The targets used in the depositions 
were prepared using the solid state reaction method. High purity powders of Ta2O5 and TiO2 
were mixed stoichiometrically by weight and ground for several hours before being sintered at 
1000°C for 20 hours. The powder was then pressed into 1 inch diameter pellets under a pressure 
of 200000 kPa for 15 minutes. Finally, the pellets were calcinated at 1200°C for 24 hours. 
The targets were laser ablated using a pulsed KrF excimer laser having a wavelength of λ = 248 
nm and pulse width of approximately 12ns. The laser was focused on the target surface to obtain 
a beam spot of the size of 4 mm
2
. The energy density of the laser was tuned between 2 J/cm
2





. The substrate temperature was varied between 200 °C to 750 °C. The chamber was 
pumped to obtain a base pressure of ~10
-7





 Torr during deposition. After the deposition the oxygen pressure 
in the chamber was turned up to xxx mT with the heater turnd off to allow the film to cool. The 
thin films were grown on lattice matched LaAlO3 (LAO), SrTiO3 (STO) and NdAlO3 (NAO) 
substrates. 
 
2.3 Structural Analysis of Ti1-xTaxO2 Thin Films 
2.3.1 X-Ray Diffraction Studies 
The crystal structures of the Ti1-xTaxO2 thin films were determined using XRD studies. A Bruker 
D8 Discover system with a two dimensional detector was used to obtain the spectra. Details of 
the technique are discussed in Appendix A.3. θ - 2 θ spectra were obtained for the thin films 
grown by varying the deposition temperatures, the oxygen partial pressures fixed and the Ta 
concentration (0 to 8%). Figure 2.2(a) shows the θ - 2 θ spectra for Ti1-xTaxO2 thin films with 6% 
Ta concentration grown at different deposition temperatures keeping the oxygen partial pressure 
constant at 1x10
-5
 Torr. This showed the effect of deposition temperature on the phase formation 
of TiO2. All the films were grown epitaxially on LAO (001) substrates. The XRD patterns show 





Figure 2.2: XRD θ - 2 θ spectra showing different phases for Ti1-xTaxO2 thin films grown at (a) constant 
oxygen partial pressure of 1x10
-5
 Torr and varying deposition temperatures from 500 °C to 750 °C. (b) 
constant deposition temperature of 600 °C and varying oxygen partial pressures from 1x10
-1
 Torr to 1x10
-5
 




grown at temperatures below 600 °C formed rutile phase exhibiting the (200) and the (400) 
peaks. On the other hand, the samples grown above 600 °C formed the anatase phase and showed 
the (004) and the (008) peaks. A mixed phase was formed at 600 °C with all the four peaks 
denoting that 600 °C is the structural transition temperature (rutile to anatase) for samples grown 
at the oxygen partial pressure of 1x10
-5
 Torr.  
Similarly, XRD spectra were obtained for samples grown at different oxygen partial pressures 
keeping the deposition temperature constant at 600 °C as shown in Figure 2.2(b). This showed 
the effect of oxygen partial pressure on the phase formation of TiO2. Samples grown at high 
oxygen partial pressure formed anatase phase while those grown at oxygen partial pressure 
below 1x10
-5
 Torr showed the formation of rutile phase. Samples grown at 1x10
-5
 Torr showed a 
mixed phase with both the anatase and rutile signature peaks present.   
XRD spectra were systematically obtained for all samples carefully grown between the 
temperature range of 200 °C to 750 °C and oxygen partial pressure range of 1x10
-1
 Torr to 1x10
-5
 
Torr. From the detailed study, a phase diagram was developed (Figure 2.3) for the different 
phase formation of TiO2 as a function of deposition temperature and oxygen partial pressure 
[36]. It is interesting to note that at high oxygen partial pressure, there is a direct transition from 
the amorphous TiO2 to the anatase form with increasing deposition temperature. However, for 
lower oxygen partial pressures, there is a transition from the amorphous form to the rutile and 
then subsequently to the anatase form. No difference in the phase formation was noticed between 
pure TiO2 and Ta incorporated TiO2. The phase boundary in this study has a pretty sharp 
uncertainty of the order of ±20 °C and ±2x10
-5










Figure 2.3: Phase diagram for Ti1-xTaxO2 thin films grown by the PLD process as a function of oxygen partial 












In order to study the crystal structure of the single crystal anatase Ti1-xTaxO2 thin films in further 
details, we studied the rocking curves for anatase films grown at different deposition conditions. 
Rocking curves can give us information about the disorientation, dislocation content and the 
mosaic spread of the films with better quality films [with fewer defects] having lower values for 
the full width at half maximum (FWHM). The first set of samples were grown to study the effect 
of deposition temperature on the FWHM of their rocking curves, keeping the oxygen partial 
pressures constant at around 3x10
-5
 Torr. The slight increase of the oxygen partial pressure from 
the previous set of samples was for getting the anatase phase even at 600 °C. A second set of 
sample was grown for the study the effect of  varying oxygen partial pressure but at a constant 
deposition temperature of 700 °C. Figure 2.4(a) shows a typical rocking curve. Figure 2.4(b) 
shows the variation of the FWHM with the deposition temperature for the anatase films. As is 
expected, the FWHM values show a downward trend with increasing deposition temperatures. 
Films grown at higher temperatures such as 750 °C are of superior crystalline quality as 
compared to the ones grown at 600 °C. Figure 2.4(c) shows the variation of the FWHM with 
oxygen partial pressure. Films grown at higher oxygen partial pressures are expected to have 
lesser defects such as vacancies and have lower FWHMs compared to the films grown at lower 
oxygen partial pressures.      
Finally, we plot the XRD spectra for the samples with varying Ta concentration, grown at a 
deposition temperature of 700 °C and oxygen partial pressure of 1x10
-5
 Torr in Figure 2.5(a). At 
this particular deposition condition, the samples show the formation of anatase phase as expected 






Figure 2.4: (a) A typical XRD rocking curve obtained for Ti1-xTaxO2 thin film; (b) Variation of the Rocking 
curve FWHM with deposition temperature with fixed P(O2)=3x10
-5
 Torr; (c) Variation of the Rocking curve 
FWHM with oxygen partial pressure with deposition temperature fixed at 700 °C.  
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 anatase peak positions are slightly shifted towards lower 2θ values with increasing Ta 
concentration. Since Bragg‟s Law tells us, 
                                                      2dSin n                                                  (2.1) 
A decreasing 2θ value signifies an expansion in the lattice parameter in the (004) direction. The 
increase in the lattice parameter for Ti1-xTaxO2 thin films with increasing Ta concentration, as 
plotted in Figure 2.5(b), can be easily explained by considering the substitution of Ta
5+
 with 
larger ionic radius (0.064nm) in the lattice site of Ti
4+
 with a smaller ionic radius (0.061nm).  
 
2.3.2 Raman Spectroscopy Studies 
XRD studies on Ti1-xTaxO2 thin films as a function of Ta concentration showed an increase in the 
lattice parameter due to the larger ionic radius of the Ta
5+
. Such an increase in the lattice constant 
has bearings on the vibrational modes of the lattice as probed by Raman spectroscopy. Raman 
spectroscopy is an extremely powerful and a non-destructive spectroscopy technique, the details 
of which are discussed in Appendix A.4. Raman measurements of anatase Ti1-xTaxO2 thin films 
were carried out at room temperature in the back scattering geometry using 325 nm He-Cd laser 
line as the excitation source. The scattered light was recorded using Jobin-Yvon Lab Ram micro-
Raman spectrometer with a spectral resolution of 5 cm
-1
.  
Both anatase and rutile TiO2 have tetragonal structures where each Ti atom is octahedrally 










Figure 2.5: (a) XRD θ - 2 θ spectra for anatase Ti1-xTaxO2 (x=0 – 0.08) thin films grown at an oxygen partial 
pressure of 1x10
-5
 Torr and at a deposition temperatures from 700 °C; (b) Variation of the d(004) lattice 
parameter as a function of Ta concentration; (inset) shows the shift in the (004) anatase peaks for pure and 




suggests six Raman active modes, A1g+2B1g+3Eg, that are located  at 144 cm
-1
 (Eg), 197 cm
-1
 
(Eg), 399  cm
-1
 (B1g), a doublet at 516 cm
-1
 (A1g and B1g), and 639 cm
-1
 (Eg) (shown in Figure 
2.6(a)- (f)) at room temperature [37, 38].  




 and 399 cm
-1
) are of O-Ti-O bending type 
while the high frequency modes (516 cm
-1
 and 639 cm
-1
) are due to stretching of Ti-O bonds 
[37]. The degeneracy of the doublet (A1g+B1g) near 516 cm
-1
 gets lifted and it splits into two 
modes centered at 513 cm
-1
 (A1g) and 519 cm
-1 
(B1g) at low temperatures (73 K) [37].  
Figure 2.7 shows the Raman spectra for Ti1-xTaxO2 (0 ≤ x ≤ 0.1) thin films. Three distinct Raman 
peaks were observed at 399 cm
-1
 (B1g), the doublet at 516 cm
-1
 (A1g and B1g), and 639 cm
-1
 (Eg). 
The first two modes at 399 cm
-1
 and 516 cm
-1
 are out-of-plane vibrations with the sample while 
the mode at 639 cm
-1
 is an in-plane vibration. The presence of all the three modes is further 
signature of the crystal structure of the thin films being anatase [39, 40]. We did not observe the 
Raman modes at 144 cm
-1
 (Eg) and 197 cm
-1
 (Eg) because of the notch filter which cuts off the 
spectrum below 200 cm
-1
.  
As shown in Figure 2.8, we observe significant shifts in all the three Raman modes with 
increasing Ta concentration.  The B1g mode at 399 cm
-1
 softens with increasing Ta incorporation, 
as shown in Figure 2.8(a). This can be explained by an increase in the lattice parameter along the 
d004 direction, which is out-of-plane with the sample, as Ta incorporation in TiO2 increases (as 
shown in the inset to Figure 2.8(a)). The expansion of the lattice parameter is calculated from the 
shift of the Anatase (004) peak in the X-Ray Diffraction spectra obtained. The second in-plane 
phonon (consisting of the doublet A1g and B1g) at 516 cm
-1
 also softens (as shown in Figure 







Figure 2.6: Raman active modes for TiO2. (a) In-plane Eg mode at 144 cm
-1
; (b) In-plane Eg mode at 197 cm
-1
; 
(c) Out-of-plane B1g mode at 399 cm
-1
; Degenerate modes of (d) A1g at 513 cm
-1
 and (e) B1g 519 cm
-1
; (f) In-








Figure 2.7: Raman Spectra for anatase Ti1-xTaxO2 thin films (0 ≤ x ≤ 0.08) with the shaded peaks 
corresponding to B1g mode at 399 cm
-1
, A1g/B1g degenerate mode at 513 cm
-1
 & 519 cm
-1








Figure 2.8: (a) Variation of B1g mode with Ta concentration. (Inset) shows the expansion of the d(004) lattice 
parameter as obtained from X-Ray diffraction studies; (b) Variation of the A1g /B1g degenerate mode with Ta 






expansion of the lattice. We observe a small increment in the frequency of the 516 cm
-1
 mode for 
samples with less than 4% Ta incorporation. Though this behavior is not well understood at 
present, it may be due to a competition between the two degenerate modes which get further 
broadened with Ta incorporation and were beyond the resolution limit of the instrument. Lastly, 
Figure 2.8(c) shows the hardening of the out-of-plane Eg mode indicating a possible lattice 
contraction in the out-of-plane direction concomitant with the in-plane lattice expansion.  
 
2.3.3 Rutherford Backscattering (RBS) – Ion Channeling Studies  
In order to do a detailed study for the variation of the crystalline quality of Ti1-xTaxO2 thin films 
with varying deposition temperature, oxygen partial pressure and Ta concentration, RBS – Ion 
Channeling spectrometry (Appendix A5) were done. The RBS – ion channeling was performed 
using 2 MeV He+ ions from a Singleton accelerator with a silicon surface barrier detector at an 
angle of 20 degrees (160 degree backscattering geometry) with respect to the beam axis having 
an energy resolution of 15 keV. Figure 2.9 (a) shows a typical Rutherford backscattering 
spectrum (random and channeled) for the 6% Ta incorporated TiO2 thin film grown on LAO 
substrate. The elemental positions are indicated on the spectrum. When the backscattering counts 
of the channeling spectra is compared to that of the random (defined as the minimum yiled, 
min), the extremely low min indicates excellent film crystallinity and epitaxy and the 
similarity of the min for both Ti and Ta indicates almost perfect Ta substitution in the Ti sites 
of the lattice.  
RBS-Ion Channeling spectrometry was done on Ti1-xTaxO2 thin films grown at various 
deposition temperatures. Left axis of Figure 2.9(b) shows the minimum channeling yield for both 
Ta and Ti as a function of the deposition temperature. The channeling yields are found to 
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decrease with increasing deposition temperature. This clearly suggests that films grown at higher 
temperatures are of superior crystalline quality. From the data, the absolute substitutional 
fraction of Ta (STa) is obtained using the formula  
                                                   min1
Ta
TaS                                                (2.2) 
STa as a function of deposition temperature is plotted along the right axis of Figure 2.9(b). Since 
the min for Ti and Ta are similar it is possible that the Ta substitutionality fraction may be a 
much larger fraction than is obtained from the above eqution 2.2. Thus eqn. 2.2 is lower bound 
for the substitutionality of Ta. Using the STa data, the activation energy for Ta incorporation into 
the Ti lattice site can be calculated by fitting the data to an Arrhenius-like equation: 








                                               (2.3) 
where A is a constant.   
Figure 2.9 (c) shows the linear fit to the natural log of STa to obtain the activation energy of 31.5 
meV/atom. This value is significantly lesser than that reported for Niobium incorporation in TiO2 
suggesting an even better solubility for Ta.   
The minimum channeling yields for Ti and Ta were also measured for samples grown at 
different oxygen partial pressure keeping the deposition temperature constant. Figure 2.10 (a) 
shows the variation of the minimum channeling yields of Ti and Ta as a function of oxygen 
partial pressure. As expected, the minimum channeling yields for both Ti and Ta decrease with 






Figure 2.9: (a) 2.0 MeV He+ RBS-Ion Channeling random and channeling spectra for 6% Ta incorporated 
TiO2 on LAO substrate; (b) (Left axis) Minimum channeling yield for Ti and Ta and (Right axis) Ta 
substitutionality in Ti1-xTaxO2 thin films as a function of deposition temperature; (c) Theoretical fitting of Ta 







Figure 2.10: Minimum channeling yield for Ti and Ta as a function of (a) oxygen partial pressure and (b) Ta 




lesser defects. Figure 2.9(b) shows the variation of the minimum channeling yields of Ti and Ta 
in Ti1-xTaxO2 thin films as a function of Ta concentration. An interesting observation is that at 
higher Ta concentration, the channeling yield for both Ti and Ta tend to decrease suggesting the 
formation of a better TiO2 crystal with Ta incorporation in it. As we will show later at higher Ta 
concentration the number of anionic defects (oxygen vacancies) decreases and this seems to 
correlate with the observed higher crystallinty of the films with increasing Ta concentration. 
Also the extremely high solubility of Ta in TiO2 makes Ti1-xTaxO2 a stable alloy even at high Ta 
concentrations making it an interesting system to work with.     
 
2.3.4 Atomic Force Microscopy Studies 
Atomic force microscopy (AFM) is an important technique for studying the topography and the 
surface roughness of thin films. The sensitivity of the technique (details discussed in Appendix 
A.6) is extremely high and can provide information in the nanometer scale. Figure 2.11(a) and 
(b) shows the AFM images of the Ti1-xTaxO2 thin films grown on different substrates such as 
LAO and STO. The film grown on LAO substrate has a rms roughness of about 0.2713nm while 
that grown on STO shows a higher rms roughness of that about 0.4355 nm. LAO substrate with 
the lattice parameter of 3.82 Å has a lower mismatch with TiO2 of 1.004% as compared to the 
mismatch of 3.252% for the STO substrate with lattice parameter of 3.905 Å. This can be the 
possible reason for the higher rms roughness seen for the film grown on STO films as compared 











Ti1-xTaxO2 thin films were grown using PLD on lattice matched substrates of LAO, STO (?) and 
NAO (?). A phase diagram was developed to show the dependence of the growth of different 
phases of TiO2 with deposition temperature and oxygen partial pressure. XRD studies also 
showed the lattice expansion of Ti1-xTaxO2 with increasing Ta incorporation. Raman 
spectroscopy was used to further study the crystal structure of TiO2. All the Raman active modes 
typical to the anatase phase were detected. The Raman active modes show hardening/softening 
for out of plane/in plane modes with increasing Ta concentration which can be explained on the 
basis of the lattice expansion of Ti1-xTaxO2 in the vertical plane but a contraction in the plane. 
RBS- Ion channeling was done on the Ti1-xTaxO2 thin films and the minimum channeling yield 
as a function of deposition temperature and oxygen partial pressure showed better crystallinity 
for films grown at high temperature and high oxygen partial pressure. The crystal quality of Ti1-
xTaxO2 thin films were seen to improve with increasing Ta incorporation as well. AFM studies 
done on Ti1-xTaxO2 thin films grown on different substrates showed that films grown on LAO 
substrates were smoother as that compared to that grown on STO due to better lattice matching 










Ti1-xTaxO2: A New Alloy with Transparent Conducting Properties    
Having gone through the growth and structural properties of Ti1-xTaxO2 thin films, we discuss 
about the new alloy formation between TiO2 and Ta2O5 in this chapter. This new alloy has a 
distinct band structure as compared to TiO2 and shows novel optical, electrical and magnetic 
properties as will be discussed in the subsequent chapters. In this chapter we also talk about 
anatase Ti1-xTaxO2 being a transparent metal with a wide range of possibilities for applications. 
(Do you really have a wide range of applications?) 
 
3.1 Transparent Conducting Oxides 
Transparent conducting oxides (TCOs) are a special class of oxides having transmittance on the 
order of approximately 80% [41] in the visible range with resistivity being as low as 10
-3
 Ωcm at 
room temperature [42-44]. Importance for TCOs has risen exponentially in today‟s world with 
the ever evolving trends in electronics and device technologies. They have become particularly 
important in solar cell  and display applications. TCOs are being extensively used as transparent 
electrodes in solar cells and optoelectronic devices such as flat panel displays and light emitting 
diodes [45-48]. They are also being used as low emissivity windows, window defrosters, 
transparent thin film transistors and semiconductor lasers. TCO has also been an active field of 
research with more scientists trying to develop p-type TCO films today. Tin doped Indium oxide 
(ITO) is the most widely used TCO material in the industry today. With the dearth of Indium and 
the high cost for ITO, material scientists are on the lookout for a new TCO material which can 
successfully replace ITO [49]. 
35 
 
3.1.1 Electrical Conductivity 
With the energy of visible light being in the range of 2 – 3 eV, most metals turn out to be non-
transparent. Because of the absence of a bandgap in metals, visible light gets absorbed by the 
conduction electrons. As such, for a material to be transparent over the entire visible range, it is 
preferable to have a bandgap of more than 3 eV. However, such wide bandgap materials would 
behave as semiconductors with very low conductivity. In order to have a higher conductivity in 
the same material, doping by oxygen vacancies or extrinsic dopants become very crucial. Doping 
can be either p-type or n-type, resulting in the creation of shallow acceptor or donor levels. 
However, most of the TCOs are generally n-type with the search for proper p-type still ongoing. 
TCO suitable for applications such as thin film transparent electrodes should have a carrier 




 with transmittance > 80%. In order to obtain such high 
conductivity and transmittance, a number of TCO semiconductors have been developed with 
various dopants. Table 3.1 lists the n-type TCO semiconductors that have already been 
developed [7].  
The electrical conductivity of n-type TCO thin films given by  
                                                            ne                                                      (3.1) 
where   is the electron mobility, n  is the electron density and e  is the electronic charge. 
The electron mobility, on the other hand is given by  





                                                     (3.2) 
where  is the mean time between collisions and *m  is the effective electron mass. With n  
and  being negatively correlated (due to e-e scattering at high carrier concentration), the 
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Table 3.1: TCO semiconductors for thin film transparent electrodes. 
 
MATERIALS DOPANT / COMPOUND 
SnO2 Sb, F, As, Nb, Ta 
In2O3 Sn, Ge, Mo, F, Ti, Zr, Hf, Nb, Ta, W, Te 
ZnO Al, Ga, B, In, Y, Sc, F, V, Si, Ge, Ti, Zr, 
Hf 
CdO In, Sn 
ZnO-SnO2 Zn2SnO4, Zn2SnO3 
ZnO-In2O3 Zn2In2O5, Zn3In2O5 
In2O3-SnO2 In4Sn3O12 
CdO-SnO2 Cd2SnO4, Cd2SnO3 
CdO-In2O3 CdIn2O4 
MgIn2O4  









Figure 3.1: Schematic band structure for an extrinsic doped semiconductor with (a) dn < cn ; (b) cn <
dn < 2cn ; (c) dn > 2cn . 
 
mobility of the electron is limited. 
In order to explain the electron mobility in wide bandgap TCOs, several models have been 
proposed. In the case of intrinsic materials, the density of conducting electrons has often been 
attributed to the presence of unintentionally introduced donor centers, usually identified as 
metallic interstitials or oxygen vacancies that produce shallow donor or impurity states located 
close to the conduction band. The excess or donor electrons are thermally ionized at room 
temperature, and move into the host conduction band. However, experiments have been 
inconclusive as to which of the possible dopants was the predominant donor. Extrinsic dopants 
have an important role in populating the conduction band, and some of them have been 
unintentionally introduced.  
The transition from semiconductor to metal due to the extrinsic dopants and intrinsic defects has 




  When the donor concentration dn  is below a critical value cn , the electrons are 
loosely bound to the donors, and they form a single donor level in the band gap (Figure. 3.1 (a)). 
  When dn  is above cn , the orbit of bounded electron starts to overlap with each other 
and hence they are delocalized, giving rise to a metallic behavior. The approximate expression 
for cn  is derived by Mott as the following:  











                                           (3.3) 
where 
*
Ha  is the Bohr radius of the hydrogen-like donor state. From the band structure point of 
view, the single impurity level spreads into an impurity band (Figure 3.1 (b)). 
  When dn  is above a second characteristic concentration 2cn , the impurity band 
overlaps with the CB of the host crystal, and the Fermi level of the electron system moves up to 
CB as well (Figure 3.1 (c)). Under this condition the carriers are said to be degenerate. For      
Ti1-xTaxO2 for x > 1% the carriers are indeed degenerate as they show very little temperature 
dependence. [34]. 
 
3.1.2 Optical Properties 
The optical properties of TCOs are determined by their refractive index, extinction coefficients, 
bandgaps and their films geometries such as thickness, thickness uniformity, and film surface 
roughness. As mentioned above, besides high conductivity (~10
6
 S), an effective TCO thin film 
must have very low absorption coefficient near the ultra violet-visible-near infrared (UV-VIS-
NIR) region. While a transmission edge exists at the NIR region due to the reflection at the 
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plasma frequency, the transmission near the UV is limited by the bandgap of the material. The 
bandgap of a material can be classified into two types: 1) direct bandgap and 2) indirect bandgap. 
A direct band material is one in which the conduction band minimum (CBM) and the valence 
band maximum (VBM) have the same momentum with the same k value. Hence, a direct 
transition of an electron from the VBM to the CBM due to absorption of light energy is 
momentum conserved. The large absorption coefficient   in such direct bandgap transitions is 
given by: 
                                           
2
gh A h E                                     (3.4) 
where h is the photon energy, gE is the optical bandgap and A is a constant.  
On the other hand, for an indirect bandgap semiconductor, the VBM and the CBM have different 
k values. As a result, phonon interaction should be involved to satisfy the momentum 
conservation during the electron transition. In this case the smaller absorption coefficient is given 
by: 
                                                      
1
2
gB h E                                        (3.5) 
where B is a constant. 
One of the common effects that can be observed on doping a semiconductor is the blue shift of 
the bandgap. When the concentration of the shallow donors is high enough, the Fermi level of 
the system rises beyond the CBM. As such, an electron excited from the VB can now be excited 
only to the Fermi level instead of the lower lying CBM. As a result, the optical band gap of the 
semiconductor shows an effective increase. This is known as the Burstein-Moss effect [53, 54]. 
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In our case, the Ti1-xTaxO2 thin films also show a blue shift in their band gap with increasing Ta 
concentration, as will be discussed in this chapter. However, with ample proofs we conclude that 
the Burstein-Moss effect alone cannot explain the large blue shift observed in the band gap for 
Ti1-xTaxO2 thin films. The reason for the increase observed has been assigned to the alloying 
effect of TiO2 and Ta2O5. With Ta incorporation, the band structure of TiO2 undergoes a drastic 
change which signifies Ti1-xTaxO2 to be a distinct material electronically.  
 
3.2 Alloying Effect of Ti1-xTaxO2 Thin Films 
Many recent exciting phenomena such as defect mediated room temperature (RT) 
ferromagnetism [55-58] and transparent conductivity [43] have been reported on metal and 
nonmetal alloyed single crystal TiO2 in the anatase form. Zunger et al. [59] had identiﬁed 
“dopants” such as Ta and Nb to introduce shallow donor states inside the conduction band of 
TiO2 and produce free electrons. It has already been established experimentally, that for Nb 
incorporation in TiO2, not only does it render the system to be conductive, but also introduces 
phenomena such as defect induced Kondo effect [60]. On top of that with Ta incorporation, Ti1-
xTaxO2 thin films show ferromagnetism at room temperature as will be discussed in the 
subsequent chapters. These exciting properties are hard to explain with a simple “doping” 
picture. They tend to suggest that the Ta addition in TiO2 must have a pronounced effect on the 
band structure of TiO2, making it a distinct material electronically, manifesting all the above-
mentioned properties. In this section, we set out to prove that with Ta addition to TiO2 at 
concentration levels of >1%, one is not simply doping the system [43, 55] but rather forming a 




3.2.1 Ultra Violet-Visible Spectroscopy and Electrical Transport of Ti1-xTaxO2  
Ultra Violet-Visible (UV-Vis) spectroscopy (Appendix A.7) studies were done on both anatase 
and rutile Ti1-xTaxO2 (0< x< 0.08) thin films grown by the PLD technique. Transmittance spectra 
of anatase and rutile ﬁlms (Figure 3.2 (a) and (c), respectively) with varying Ta concentrations 
were measured in the UV-Vis range using a Shimadzu Solidspec-3700 spectrophotometer. The 
transmittance for all the ﬁlms varied between 70 and 90% in the visible range, making it a truly 
transparent metal. The oscillations in transmission below the band gap arise from interference 
effect in the film. Though there exist  mixed views about the nature of the optical band gap of 
rutile TiO2, more of the previous studies assign it to have an indirect bandgap [61-64]. On the 
other hand anatase TiO2 is unanimously accepted to have an indirect bandgap. Hence assuming 
indirect bandgap for both rutile and anatase TiO2, Equation 3.5 is used to calculate the bandgap,
gE .  
1
2  is plotted as a function of energy for both the anatase and the rutile thin films as 
shown in Figure 3.2 (b) and (d), respectively). By extrapolating the curves to zero absorption, 
gE is obtained. Both anatase and rutile films show a blueshift in gE with increasing Ta 
concentrations. For the anatase ﬁlms, gE varies from 3.3 eV (pure TiO2) to 3.5 eV (8.2% Ta 
alloyed TiO2). For the rutile ﬁlms, the variation is much steeper from 2.7 eV to 3.5 eV for the 
same Ta concentrations. Figure 3.3 show the variation of gE with Ta concentration for anatase 
and rutile films respectively. Both the experimental data sets are fitted to the Vegard‟s law, [65, 
66] which is an empirical rule of band gap variation with constituents for alloys. The equation 
ﬁtted to the data is 
              1 2 2 2 5
( ) (1 ) ( ) ( ) (1 )g x x g gE Ti Ta O x E TiO x E Ta O b x x                     (3.6) 










Figure 3.2: (a) Transmittance spectra; (b) 
1/2 vs h for anatase Ti1-xTaxO2 (x = 0 – 0.08) thin films. (c) 
Transmittance spectra; (d) 













Figure 3.3: Blueshift in the band gap for anatase and rutile Ti1-xTaxO2 thin films with Vegard’s law fitting as 
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 However, there is a stark difference in the bowing parameter for the anatase b=0.5 eV and rutile 
b=10.3 eV ﬁlms.  
One explanation for this large blueshift in the optical band gap can be the band ﬁlling or the 
Moss–Burstein effect as discussed above. To understand why the Moss–Burstein effect alone 
cannot explain the blueshift in the band gap, we look into their electronic transport properties 
measured by the Physical Property Measurement System (PPMS). Consistent with previous 
reports, [60] anatase unalloyed TiO2 is found to be semiconducting in nature. Whereas, anatase 
Ti1−xTaxO2 (x>0) showed metallic behavior (Figure 3.4(a)) Room temperature (RT) resistivity 
for the anatase ﬁlms decreases with increasing Ta concentration. On the other hand, the rutile 
Ti1−xTaxO2 (x=0.082) ﬁlm showed semiconducting behavior. Figure 3.4(b) shows the variation of 
carrier density and electron mobility with Ta concentration for the anatase ﬁlms. As expected, 
there is an increase in the carrier density with the Ta concentration. However, the mobility to the 
ﬁrst order is not dopant dependent in the anatase phase over the Ta concentration range studied. 




3) is of the same order as that of the anatase ﬁlm. This suggests that 
the electron mobility in rutile thin ﬁlms is signiﬁcantly smaller (by a factor of 2–3 orders of 
magnitude) than the anatase ﬁlms. We calculated the electron mobility of the rutile ﬁlm at RT to 








. As a result, it can be safely concluded that the effective mass 
of electron (
*
em ) is much higher for the rutile phase, which is also in perfect agreement with 
previous reports [66]. As is known,  




















Figure 3.4: (a) Temperature dependence of resistivity for anatase Ti1-xTaxO2 (x = 0 – 0.08) thin films and 
rutile Ti1-xTaxO2 (x = 0.08) thin film; (b) Variation of carrier density and Hall mobility for anatase Ti1-xTaxO2 




and a higher 
*
em means a ﬂatter band curvature for the rutile phase. Thus, the expected Moss–
Burstein shift for rutile would be much smaller than that for the anatase phase which is opposite 
to what we observe experimentally [  g rutileE = 0.8 eV which is >>  g anataseE = 0.3 eV]. 
Thus, we can clearly rule out the Moss–Burstein effect as the only reason for the observed blue 
shift in the bandgap. We attribute the new alloy formation due to Ta incorporation in TiO2 to be 
the more important reason for the observed blue shift.  
 
3.2.2 High Energy Optical Reflectivity of Ti1-xTaxO2 
In order to show the effect of Ta incorporation in TiO2 on its band structure,  spectroscopic 
ellipsometry measurements were performed in the spectral range between 0.5 and 5.6 eV using a 
SE 850 ellipsometer and a UHV cryostat.[41] The reﬂectance measurement in the high-energy 
range between 4.5 and 22 eV was performed at the superlumi beamline at the DORIS storage 
ring of Hasylab (DESY)[42].
 
The calibration of the monochromator was done by measuring the 
luminescence yield of sodium salicylate (NaC7H5O3)[42]. The sample chamber was outfitted 
with a gold mesh to measure the incident photon ﬂux after the slit of the monochromator. During 
the course of the experiments, the pressure was maintained at about 10
−9 
Torr and the sample was 
kept at room temperature. 
Figure 3.5 illustrates the reﬂectivity data as obtained by spectroscopic ellipsometry and vacuum 
ultra violet (VUV)-reﬂectance measurements for pure TiO2 and 2% and 4% Ta incorporated 
TiO2 samples. Ellipsometry is a self-normalizing technique, which makes it free from any 
ambiguities that are related to the normalization of conventional reﬂectance results. Optical 
reflectivity was calculated from the measured real and imaginary parts of the dielectric function, 
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ε1 and ε2. The ellipsometry-derived reﬂectivity between 4.8 and 5.0 eV was used to normalize the 
VUV reﬂectivity. The high energy background has been properly normalized by linear division 
and subtraction.  
The basic spectral response of the TiO2 contains peaks centered at around 3.45, 3.86, 4.67, 6.12, 
7.76, 10.21, 10.71, 12.30, 14.38, 15.20, 16.83, 22.59, 24.41, 27.45, 28.53 and 33.07 eV with an 
extra peak for the metallic TiO2 films at 0 eV. In the low energy region (~ 0 to 1.5 eV) we 
identify a strong Drude response and an incoherent background up to about 1.0eV for the Ta 
incorporated TiO2 films. The Drude peak, centred at 0 eV and corresponding to the dc 
conductivity of a semiconductor, increased in intensity with the Ta concentration in Ti1−xTaxO2 
thin films as seen in the spectrum for the 2% and 4% Ta-  
incorporated TiO2. On the other hand, the Drude peak was non-existent for pure TiO2 which is 
non metallic. This implied that the metallicity increases with Ta concentration in TiO2 which is 
corroborated by the Hall measurement data shown in Figure 3.4(b). In the higher energy ranges, 
the sharp peak at around 6 eV for pure TiO2 is greatly enhanced for the Ta incorporated samples. 
On the other hand, the set of broad peaks for pure TiO2 at around 12, 16 and 23 eV diminish for 
the Ta incorporated films. It is very clear from the optical reflectivity spectra that there is a 
significant shift of spectral weight from the high energy to the low energy with Ta incorporation. 
This reinforces the fact that the band structure of pure TiO2 undergoes a major change on Ta 
























In this chapter, we discussed the UV-Vis spectroscopy data to identify a blue shift in the optical 
bandgap of TiO2 with increasing Ta incorporation. We prove that the band filling Moss-Burstein 
effect is not enough to explain large blue shifts measured. We introduce the idea of Ti1−xTaxO2 
being an alloy with a distinct band structure as compared to TiO2. This idea will be a central 
theme for this thesis and will help us in explaining the advent of excitonic peaks in Ti1−xTaxO2 
thin films with high Ta concentration, as will be discussed in the next chapter. In the later 
chapter, we will also discuss how this new alloy can be rendered into a ferromagnetic material 















Universal Kondo Effect in Ti1-xMxO2 (M=Nb, Ta) Thin Films 
In the previous chapters, the alloying effect of TiO2 and Ta2O5 was discussed along with the 
modifications to the band structure and the drastic changes in the defect band formations in TiO2 
on Ta incorporation. Apart from the structural variations (as discussed in chapter 2) and the 
formation of excitons (as discussed in chapter 4), the defects in Ti1-xTaxO2 introduces many more 
exciting properties such as the Kondo effect and the room temperature ferromagnetism in this 
new alloy system. The details of the Kondo effect in TiO2 films with both Ta and Niobium (Nb) 
incorporation are discussed in this chapter. The differences observed between Ta and Nb 
incorporated TiO2 gives an interesting and extremely important insight in Ta being the favored 
element to induce ferromagnetism in TiO2.  
 
4.1 Brief History to Kondo Effect 
 In Swahili, the word „Kondo‟ means battle. In our case, the battle or the interaction is between 
the magnetic defect centers and the free electrons of the non-magnetic host metal oxide. 
Electrical resistivity in metals is dominated by the scattering of the conduction electrons due to 
lattice vibrations. If the electron-phonon interaction is the only scattering phenomenon present in 
a metal system, the resistivity in such a metal would decrease gradually with decreasing electron-
phonon interactions. In as early as the 1930s, the discovery of a resistivity minimum at low 
temperatures was made in metallic systems with dilute magnetic impurities. However, it was in 
1962 that Jun Kondo developed a formal theory for the phenomenon and gave it the name by 
which it is known today [67]. 
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Kondo proposed that the s-d exchange interaction between the magnetic impurities and the free 
conduction electrons was the main reason for their scattering. Such scattering reduced the 
mobility of the electrons thereby showing an increase in resistivity at low temperatures. The s-d 
exchange Hamiltonian is given by  
                                            2 ( )sd sdH J sS                                                 (4.1) 
Where s is the spin of the conduction electron and S is the spin of the magnetic impurity. 
sdJ  is the exchange interaction between the two spins. Where the probability of an electron 
getting scattered can be easily calculated for low impurity concentration, perturbation theory had 
to be applied for high defect concentrations. Kondo undertook the perturbation approach to 
obtain a series solution and found the resistivity due to s-d interaction to be given by  
                    
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                      (4.2) 
Where c  is a constant proportional to the magnetic defect concentration and F
n  is the 
density of states at the Fermi level in a flat band of width 2D. While Kondo‟s theory was able to 
describe the observed upturn of the resistance at low temperatures, it incorrectly predicted the 
resistance to blow up to infinity at even lower temperatures. As such, Kondo‟s result is correct 
only above a certain temperature which was called the Kondo temperature, TK and is given by 













                                                      (4.3) 
The theoretical development for understanding the physics of the s-d exchange at temperatures 
below the TK was carried out by Anderson with his idea of “scaling” in the Kondo problem. 
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Scaling assumes that the low temperature properties of a real system are adequately represented 
by a coarse-grained model. As the temperature is lowered, the model becomes coarser and the 
number of degrees of freedom it contains is reduced. This approach can be used to predict the 
properties of a real system close to absolute zero. Later, Wilson devised the numerical 
renormalization method which overcame the shortcomings of the conventional perturbation 
method and confirmed the applicability of the scaling hypothesis [68-71]. Wilson proved that 
below TK, the magnetic moment of the defect is screened entirely by the spins of the electrons in 
the metal resulting in the saturation of resistivity at the low temperatures. Kondo scattering can 
also be suppressed by applying an external magnetic field to align the spins of the magnetic 
defects. This would give rise to negative magneto-resistance with isotropic nature with respect to 
the applied magnetic field and current direction.   
The other theoretical approach for the Kondo problem was developed by Nagaoka, who used 
decoupled equations of motion for double-time Green‟s functions. Though this theory is versatile 
and simple, Nagaoka‟s decoupling approximation led to separate solutions for low and high 
temperatures. In the following section the low temperature electrical transport data are shown for 
Ti0.94M0.06O2 (M = Nb, Ta) thin film systems.  Magneto-resistance data show the films to be 
ideal Kondo systems. The experimental data are fitted to Goldhaber-Gordon formula derived 
from the renormalization group theory and the Hamann formula derived from the Nagaoka 
theory. The Kondo parameters obtained for Ta incorporated TiO2 was found to be substantially 
different from that of the Nb incorporated TiO2. This difference gives us a clear hint that Ta 





4.2 Low Temperature Transport Data on Ti0.94M0.06O2 (M = Nb, Ta) Thin Films 
Kondo effect finds relevance today in strongly correlated systems such as heavy-Fermion and 
high-Tc superconductor materials. The Kondo effect is an electrical manifestation of the presence 
of localized magnetic moments in a system, and thus provides an indication of the onset of 
magnetism and could thus be the pathway to develop new ferromagnetic systems particularly in 
oxides. Kondo effect in a wide band gap semiconductor like TiO2 is really interesting, as these 
oxide materials combine spin, orbital and charge degrees of freedom to produce local 
magnetism. In addition to this, the system is technologically promising due to its ultraviolet 
energy band gap, high optical transparency and high electrical conductivity. There exist reports 
on the existence of Kondo effect in TiO2 thin films, in TiCoO2 [72] where Kondo effect was 
speculated without adequate experimental support while in TiNbO2 [73], a clear Kondo effect 
was demonstrated and the magnetic scattering center was also identified as the Titanium vacancy 
using x-ray absorption spectroscopy. However, a detailed understanding of this effect and their 
role as a precursor to magnetism is still lacking.   
We discuss the observation of Kondo effect in a wide band gap semiconductor (TiO2) 
incorporated with nonmagnetic elements (Ta or Nb) grown under various oxygen pressures. Ta is 
isoelectronic with Nb and is expected to have an equivalent effect on the electron transport of 
TiO2, though in our experiments significant differences emerged. A complete transport analysis 
indicates that the majority of the transport phenomena (low temperature upturn of resistivity) 
seen are attributed to spin Kondo effect and we show this to be universal.  
Ti0.94M0.06O2 (M = Nb, Ta) thin films with a nominal thickness of 350 nm were grown by 
pulsed laser deposition (PLD) on LaAlO3 (100) substrate at a temperature of 600±5
o
C and at 




 Torr). The PLD target was prepared by a solid-
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state reaction between 99.999% pure TiO2 and Ta2O5 (Nb2O5) powders and the amount of Ta 
(Nb) in the deposited film was determined to be ~ 6 at.% by Rutherford backscattering 
spectroscopy (RBS). Higher film thickness (~350 nm) was selected so as to minimize the two 
dimensional size effect on the electronic properties. The film thickness, composition and Ta/Nb 
substitution were accurately estimated by RBS/channeling. Magnetic impurities (Fe, Mn, Co, Ni, 
Cr) were determined to be less than 0.05% by secondary ion mass spectrometry. X-ray 
diffraction data showed that the films are purely anatase TiO2 with only (004) and (008) 
reflections. To determine the Hall coefficient and carrier concentration, a magnetic field (H) was 
applied normal to the film plane in the van der Pauw geometry with Al wire bonding (Figure 4.1) 
in a physical property measurement system equipped with a 9 T superconducting magnet. The 
magnetic field was swept from 10 to -10 kOe under a constant current and the high magnetic 
field data was used to extract the Hall coefficient which effectively removes any zero field 
anomalies in the Hall data. Both in-plane and out-of-plane magnetoresistance (MR) 
measurements were carried out in van der Pauw as well in linear  
 
 




four point geometry and the results were exactly similar indicating the accuracy of the 
measurements and the homogeneity of the film samples.  
The carrier density and mobility of various films are plotted in Figure 4.2. In all the cases the 
carrier density is temperature independent showing degeneracy of the donor electrons. When the 
oxygen pressure is varied during the deposition the carrier density changes much more for the 
case of Ta than for Nb. Since the change in oxygen pressure affects the formation of defects 
(anions at lower pressures and cations at these pressures) the production of cationic defects is 
less sensitive to pressure for the Nb case. These defects compensate the donors and hence the 
charge density variation is also correspondingly less sensitive to the oxygen pressure for the case 
of Nb versus Ta. This point is quite important as we postulate and has also been demonstrated 
that these cationic defects are the magnetic scattering centers responsible for the Kondo 
scattering. Thus the Ta versus Nb dopant becomes an important part of this study. 
The mobility shows an initial rise with decreasing temperature followed by a fall near the Kondo 
temperature. While this is typical of Kondo scattering, one needs to eliminate other localization 
mechanisms such as the Altshuler-Aronov effect and weak localization. The Altshuler-Aronov 
(AA) effect [74] predicts a logarithmic correction to  
the resistivity in disordered two dimensional electron systems due to electron-electron 
interactions, i.e.  
                                                )()( 0, TT xxxxxx                                                       (4.4) 
 where )ln(~)( TTxx . In our case, since the film is very thick (~350nm), the system is 
truly three dimensional with a mean free path much smaller than the thickness and therefore the 
possibility of AA effect is ruled out. At very low temperatures, resistivity of our films is no more 
logarithmic in T but it varies as T
2 








Figure 4.2: Carrier concentration of thin film as function of temperature at different oxygen partial pressures 
for (a) Ti0.94Ta0.06O2, and (b) Ti0.94Nb0.06O2. Mobility of the charge carriers as function of temperature at 










The AA effect also predict corrections to the Hall coefficient )(0, TRRR HHH  , where )(TRH
is related to )(Txx  by 













                                                     (4.5) 
As shown in Figure 4.2, the electronic concentration doesn‟t vary with temperature and the 
temperature independent carrier density rules out AA effect in our sample. This also indicates 
that there is no activated thermal transport and the resistivity is solely determined by the 
temperature dependant scattering process.  
Weak localization (WL) is also another important physical property observed in low 
dimensional systems, which arises due to the quantum interference of back scattered electrons at 
cryogenic temperatures, which may reveal the presence of atomically sharp defects in the oxide 
systems and is rarely reported in the oxide literature. To understand the role played by weak 
localization in inducing a resistivity minimum in the transport, we tried various fittings based on 
3D and 2D localization, where the resistivity is T
-1/2
 or lnT dependent respectively. Fittings 
based on 3D localization are impossible in the present case. Like Kondo scattering, 2D WL also 
gives a positive correction to the resistivity. To distinguish between 2D localization and Kondo 
scattering, magnetoresistance (MR) measurements were performed, where the MR is defined as  
00 /])([  H with 0  and )(H , the resistivity at zero field and with a field B respectively. 
Kondo scattering is always isotropic due to the nature of spin whereas WL is anisotropic due to 
the anisotropy in scattering. MR of all the thin films was measured at a temperature of 2 K as a 
function of field and field angle.  In Figure 4.3(a) and (b) are shown the MR data for two typical 
films with Ta and Nb respectively. In these data  =0° means H is perpendicular to the film 
plane whereas  =90° means parallel to the plane. The in-plane measurements indicate that there 
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is no anisotropy in the film resistance whether the current is parallel or perpendicular to the in 
plane magnetic field. Negative MR is observed at low magnetic fields both for in plane and out 
of plane magnetic fields with a very weak angle dependency except at  =90°. This weak 
anisotropy suggests that the negative MR is due to the dissociation of the Kondo singlet on the 
application of a strong magnetic field. At high magnetic fields there occurs a positive MR due to 
the orbital (positive) contribution of 0 and i which changes with magnetic field, much strongly 
than the Kondo resistivity. These data are very important as it means that there are no other 
localization effects present other than Kondo scattering in these films and hence these films 
represent a true Kondo system. 
Figure 4.4(a) shows the electrical resistivity of the Ti0.94Ta0.06O2 thin film samples grown 
at different oxygen partial pressures as a function of temperature from 300 K to 2 K. In all the 
resistivity vs. temperature measurements reported in this paper, an external magnetic field of 1 T 
is applied normal to the sample plane to suppress any contribution arising from weak 
localization. The range of oxygen partial pressure was selected in such a way as to induce a 
degenerate metallic system but not to produce a large number of localized moments to cause 
ferromagnetism. We stress that the range of oxygen partial pressure reported in this paper is 
optimum to see Kondo effect and any value outside of this did not lead to any resistivity 




 when the 
temperature is reduced from 300 to ~100 K, suggesting that electron-electron (T
2
 dependence) 
and electron-acoustic phonon (T
5
 dependence) interactions are responsible for resistivity in this 
range of temperature, which is typically the case for a three dimensional metallic system.  The 
resistivity shows an upturn at a temperature of approximately 100 K. Below 100 K, the 




Figure 4.3: Magnetoresistance (MR) of thin film as a function of external magnetic field (H) at different 
magnetic field angles indicating the weak angle dependency of the MR for (a) Ti0.94Ta0.06O2  (prepared at 













of 2 K. To understand the resistivity anomaly due to Kondo scattering, we assume that the 
resistivity ρ can be decomposed into three parts, 
                                  )(),(),( 0 THTHT iK                      (4.6) 
where 0 is the temperature independent residual resistivity term arising due to static defects 
present in the sample, ),( HTK  the Kondo resistivity term arising from localized magnetic 
moments which is a function of temperature T and external magnetic field B, and i  represents 
the temperature dependant non-Kondo resistivity dominant at high temperatures. The formula for 
),( HTK  can be obtained from either the Goldhaber-Gordon or the Hamann approach. The 
Goldhaber-Gordon empirical approach is based on Wilson‟s renormalization group theory and 
was developed to explain tunneling Kondo effect. This approach is based on the Anderson model 
and it treats the Kondo problem in a non-perturbative way, which effectively calculates the 
impurity Green‟s function. The Hamann approach (based on the Suhl-Nagaoka theory for the 
Kondo effect [75, 76]) on the other hand treats the problem as an s-d exchange interaction and 
was developed to explain exchange scattering in dilute alloys and solves the impurity Green‟s 
function by equation of motion method (EOM) [77].  Hamann‟s approach leads to dissimilar 
results at T<<TK in comparison to Goldhaber-Gordon approach for magnetic impurities in 
conventional metals. Much to our surprise, both formulations were well applicable to this 
material system for both Nb and Ta and also a variety of oxygen growth pressures at all 
measurement temperatures. The Kondo resistivity and temperatures estimated from both these 
approaches were almost identical!  
By using Goldhaber-Gordon formula [78, 79], the temperature dependent resistivity 
shown in Figure 4.4(a) is fitted by  
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                  (4.7) 
where u represents the unitarity–limit resistivity which is proportional to the concentration of 
the localized magnetic impurities, TK is the Kondo temperature and s is the spin parameter. The 
second term in Eq. (4.7) is a good fit to the numerical renormalization group (NRG) results [79-
81] for the Kondo, mixed valence and empty orbital regimes, and predicts an accurate Kondo 
temperature. The spin parameter s is allowed to vary (s = 0.22 corresponds to localized spin-½ 
impurity) along with TK to find the best fit and hence the Kondo temperature. The Kondo 
temperature obtained in this way is 10 - 60 K depending upon the carrier concentration (Figure 
4.5(a)). Figure 4.4(b) shows the electrical resistivity of the Ti0.94Nb0.06O2 thin film samples, 
grown at different oxygen partial pressures, as a function of temperature from 300 to 2 K. The 
resistivity shows a similar variation as Ti0.94Ta0.06O2 films and is well fitted by Eq. (4.7). The  
data presented here is slightly different from the previously reported result but this discrepancy 
could be mainly due to the different preparation conditions and the film properties are very 
sensitive to the base pressure and the oxygen partial pressures. There exists a wide variation in 
the logarithmic dependence of temperature and especially for the case of Nb incorporated TiO2 
films the range of logarithmic dependence is small. Despite Ta and Nb being isoelectronic the 
differences in the Kondo scattering is significant. Hence it is not surprising that the Kondo 
behavior in oxides is considerably more pronounced than in the case of metallic systems.  
In comparison, we performed the fitting based on generalized Hamann formula [77, 82] 
where the Kondo resistivity ),( BTK  is given as  
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                                   (4.8b) 
where )(z denotes the digamma function, S is the spin of the localized magnetic moment. In 
Figure 4.4(c), the predictions of the Eq. (4.8) are compared with the resistivity data of 
Ti0.94Ta0.06O2 as a function of oxygen partial pressure. The above fitting results in a Kondo 
temperature of 10 - 60 K in perfect agreement with that derived from Goldhaber-Gordon 
formula. Figure 4.4(d) shows the fitted data of Ti0.94Nb0.06O2 films based on Eq. (4.8) and the 
derived Kondo temperature is 20 - 40 K which is also in agreement with that derived from 
Goldhaber-Gordon formula. In all cases a correspondence is seen for the Kondo temperature 
with respect to the film growth pressure. The parameters derived from both Goldhaber-Gordon 
and Hamann fittings are summarized in Table 5.1. We also tried another fitting by keeping a 
single spin parameter (as inferred from the free parameter fitting) to test the consistency of the 
conclusions derived from the free parameter fitting but we found that a small variation in the 
parameters gave unreasonable and negative values. Thus the parameters derived from the fittings 
are for the best fit giving the lowest Chi-square value.  
Figure 4.5(a) compares the Kondo temperature (obtained from both formulae) versus measured 
carrier concentration. An inverse relationship is seen for Ta case while the Nb case shows 
proportional behavior. An inverse relationship is seen with respect to the estimated magnetic 




Table 4.1: List of the derived parameters both from Goldhaber-Gordon and Hamann formula fittings for 
different dopants as a function of oxygen partial pressure PO2. 
 
Dopant (PO2 in 
Torr) 
Goldhaber-Gordon  fit parameters 












































































































































 of the magnetic moments, the unitarity-limit resistivity derived from Gordon‟s formula is used 












 where ne is the electronic concentration and nM is the 
magnetic concentration. Figure 4.5(b) shows the variation of the Kondo temperature with 
magnetic concentration and it shows that for both Ti0.94Ta0.06O2 and Ti0.94Nb0.06O2 films, the 
Kondo temperature decreases with increase in magnetic interaction. This suggests that increase 
in impurity-impurity interaction leads to a ferromagnetic type of interaction and thereby causes a 
decrease in Kondo temperature. We can now better understand the Kondo temperature 
dependence on the carrier density. If the magnetic center density was held a constant the 








Figure 4.4: Resistivity as a function of temperature at different oxygen partial pressures fitted by Goldhaber-
Gordon formula for (a) Ti0.94Ta0.06O2, and (b) Ti0.94Nb0.06O2 thin films, and by Hamann formula for (c) 








magnetic center density varies rapidly with the oxygen pressure and hence dominates the 
behavior of the Kondo temperature. Looking at the behavior of the Kondo temperature with 
carrier and magnetic center density it is obvious that the Kondo temperature can be completely 
suppressed in the case of Ta but not in the case of Nb. This in fact will be a systematic way to 
realize ferromagnetism and indeed we have observed ferromagnetism in Ti0.94Ta0.06O2 system in 
films of thicknesses below 50nm prepared under lower oxygen pressures.  
Now let us look at the origin of the local magnetic moments in the system. In both Ta and Nb 
doped TiO2 cases, Ta and Nb acts as donors by substituting Ti in the lattice which provides 
electrons to the conduction band. If Nb or Ta is in the +4 state, then the unpaired d electrons can 
provide localized magnetic moments. XPS study shows that both Ta and Nb are in the +5 state. 
We also see that majority of the Ti is in the +4 state with a very small percentage of Ti
3+
 ~0.59% 
at the growth temperature of 600
o
C. Therefore the possibility of cations contributing to the 
magnetic moments is very low. The other possibility for the localized magnetic center lies in the 
cation vacancies created. A charge neutral cation vacancy with four holes in the center can have 
a non-zero magnetic moment and our X-ray magnetic circular dichroism (XMCD) spectrum 
shows that cationic defects like Ti vacancy are much higher than anionic defects such as oxygen 
vacancies. Therefore we argue that cation vacancies are mostly responsible for the local 
magnetic moments. The same magnetic centers act as the compensating defects or electron 
killers in the film as we always see much less free electron concentration than expected for 6 
atomic % incorporation of either Ta or Nb in TiO2 thin film. Figure 4.6 shows the normalized 
Kondo resistivity as a function of normalized Kondo temperature for different films under 
investigation. It is interesting to see that the resistivity curves of all the samples fall on top of 







Figure 4.5: The variation of Kondo temperature TK as derived from Goldhaber-Gordon formula and 












that the spins involved in the Kondo effect in the present case is different from spin-1/2 and 
therefore it shows deviation from the NRG and Hamann results for a spin -1/2 impurity as shown 
in Figure 4.6. 
The resistivity change due to single–ion Kondo effect as seen in conventional metallic systems is 
only a few percent. However, we are dealing with oxide films here with a lot lower carrier 
densities and higher mobilities. There is no established understanding of the Kondo problem in 
oxides. In the present case since the increase in resistivity is much higher than the conventional 
systems previously reported, this is definitely not a single impurity Kondo effect. Mostly this 
should be related to a many impurity effects. Experimentally we can distinguish Kondo from 
other weak localization phenomena. What was surprising was that in this Ta-TiO2 system the 
scattering was completely dominated by Kondo! The large change in resistivity at low 
temperatures cannot be related to impurity band conduction due to donor electrons because the 
carrier concentration at these temperatures is found to be temperature independent. Moreover, 
the low temperature resistivity upturn cannot be due to any changes in the band structure as from 
energetic argument high temperature should have more of an influence than low temperature. 




In conclusion, we show that a nonmagnetic element, Nb or Ta can induce Kondo effect with a 
Kondo temperature ~10 - 60 K in a wideband gap semiconductor thin film of TiO2 through the 
creation of Ti vacancy sites. The magneto transport data is isotropic eliminating localization 








Figure 4.6: Plot of resistivity (normalized to Kondo resistivity) versus temperature (normalized to Kondo 
temperature) of both Ti0.94Ta0.06O2, and Ti0.94Nb0.06O2 thin films grown at different oxygen partial pressures 











Hamann formula which originate from different Physics origin fit these data yielding identical 
Kondo resistivities and temperatures. The samples (both Nb and Ta) prepared at different oxygen 
partial pressures show a universal Kondo behavior in the resistivity. This study clearly shows 
why Ta is a better route to seeing ferromagnetism in TiO2 (as already demonstrated) as opposed 
to the isoelectronic Nb. Thus the Kondo study will serve as an excellent experimental platform 

























Role of Ta versus Magnetic Contaminants in Defect Mediated 
Ferromagnetism in Ti1-xTaxO2 films  
In the previous chapter, we had a detailed discussion on the Kondo effect in Ta and Nb 
incorporated TiO2 thin films. Originating due to the spin interaction between the conduction 
electrons of Ti1-xMxO2 (M = Nb, Ta) and the defect centers, the Kondo effect is a precursor to 
ferromagnetism. We also commented on the possibility of the Kondo temperature being totally 
suppressed and ferromagnetism getting introduced, preferably in the case of Ti1-xTaxO2. In this 
chapter, we start off with a short review on dilute magnetic semiconductor (DMS) and the 
origins of ferromagnetism in DMS. Later in the chapter the history of the development of DMS 
oxides (DMSO) is addressed briefly along with the challenges that the field faces in terms of 
magnetic contaminants. We will point out a detailed impurity analysis recipe that we believe 
should be a pre-requisite to rule out any kind of artifacts. 
 
5.1 Dilute Magnetic Semiconductors (DMS) 
5.1.1 Spintronic Devices 
The field of spintronics seeks to extend the properties and applications of established electronic 
devices by making use of the spin of electrons in addition to their charges [83, 84]. In particular, 
the long spin coherence length of electrons suggests that the movement of spin, like charge, 
could be used to store and transmit information. Such spin-polarized electronic devices could be 
much smaller, consume less electricity, and be more effective for certain kinds of computations 
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than systems [85], which are based on electron charge only. In addition to its potential utility, the 
study of spin-polarized transport is revealing new and fascinating fundamental physics [84]. The 
importance of dilute magnetic semiconducting (DMS) materials in spintronics for manipulating 
the spin functionality in a controlled manner has long been recognized [86, 87]. The 
development of DMS, which would allow signal manipulation in present day magnetic devices 
such as the read heads for data storage industry and would be compatible with standard 
semiconductor growth techniques, would open new possibilities. 
Giant magnetoresistance (GMR) based spin valves and magnetic tunnel junctions (MTJ) are 
being commercially used in hard disk read heads and magnetic random access memory 
(MRAM), respectively. As shown in Figure 5.1 (a), a spin valve device consists of two 
ferromagnetic (FM) layers separated by a metallic layer. The magnetic orientation of one 
ferromagnetic layer is pinned while the other one is free to orient along with the magnetic field. 
When a stream of electrons enters the pinning layer, most of the electrons get polarized with 
their spin orientation parallel to that of the pinning layer. If the free layer, aligned by applied 
magnetic field, has the magnetic orientation parallel to that of the pinning layer, then these spin-
polarized electrons flow easily through the free layer. However if the free layer is aligned anti-
parallel with respect to the pinning layer, then the spin-polarized electrons scatter back from the 
free layer. Therefore, this structure shows changeable resistance depending on the respective 
magnetic orientation of two ferromagnetic layers and hence the applied magnetic field.  
The magnetic tunnel junction (MTJ) has a very similar structure to the GMR spin valve apart 
from having an insulating barrier other than metallic layer between the two ferromagnetic layers 
(Figure 5.1b). The occurrence of magnetoresistance can be understood by Julliere's model [88]. 
The tunneling of up and down spin electrons being two independent processes, when two 
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ferromagnetic layers have the same magnetic alignment, the majority and the minority spin 
electrons from the pinned layer tunnel to the same respective states in the free layer. In contrast, 
when two ferromagnetic layers are anti-parallelly aligned, the minority and majority spin 
electrons from the pinned layer tunnel to the opposite states in the free layer respectively. The 
conductance for a particular spin orientation is a product of the effective density of states of the 
two ferromagnetic layers. Therefore, the conductance of the parallel configuration is higher than 
that of the anti-parallel configuration. The MTJ is used to store information in magnetic random 
access memory which has great advantage over the traditional random access memory, including 
the non-volatility.  
The ferromagnetic layers in the above two devices are normally metallic. Novel spintronics 
devices such as the spin-based field effect transistor (spin-FET) proposed by Datta and Das [86] 
and spin light emitting diode (spin LED) [89] based on ferromagnetic semiconductors have 
attracted considerable interest. A schematic of a spin-FET is given in Figure 5.2 (a). The spin-
FET consists of a ferromagnetic source and drain separated by a two dimensional electron gas 
channel. A gate electrode is used to apply an electric field to the channel. The electrons are spin-
polarized as they pass through the ferromagnetic source, and their spin orientation can be 
modulated by the electric field applied on the channel. If the spin of electrons entering into the 
drain is parallel to the orientation of the drain, they can easily pass while the opposite is true if 
they are anti-aligned. Therefore, the applied electric field can modify the resistive state of the 
system. 
A spin FET has several advantages over a conventional FET. For instance, flipping an electron's 
spin takes much less energy and can be done much faster than pushing an electron away from the 







Figure 5.1: Schematic of a (a) GMR spin-valve with two magnetic layers have the same moment orientation 
(left panel) and the opposite moment orientation(right panel) (b) Magnetic tunnel junction with two magnetic 
layers have the same moment orientation (left panel) and the opposite moment orientation(right panel); Low 










ferromagnetic n-type semiconductor recombine with the un-polarized holes coming from non 
magnetic p-semiconductor, generating polarized photons. With the two polarizations of photon 
the bandwidth of a communications system can be doubled. 
 
5.1.2 Origin of Ferromagnetism in DMS 
Predominantly, there are three models that have been more popular in explaining the origin of 
ferromagnetism in DMS systems. The first model is the direct exchange and the superexchange 
interaction in insulators. The second model is the carrier mediated exchange interaction in 
metallic systems. The third model is based on the concept of bound magnetic polarons.  
Direct exchange operates between moments, which are close enough to have sufficient overlap 
of their wave functions. It gives a strong but short range coupling which decreases rapidly with 
the separation of the spins involved. The direct exchange interaction of the spins, si of localized 
electrons in insulators can be described by the Heisenberg Hamiltonian 
                                                 ex ij j j
ij
H J s s                                                            (5.1) 
When the atoms are very close together, the Coulomb interaction is minimal when the electrons 
spend most of their time in between the nuclei. Since the electrons are then required to be at the 
same place in space at the same time, Pauli's exclusion principle requires that they possess 
opposite spins. This gives rise to antiparallel alignment and therefore negative exchange leading 
to antiferromagnetism. On the other hand, if the atoms are far apart the electrons spend their time 
away from each other in order to minimize the electronelectron repulsion. This gives rise to 
parallel alignment or positive exchange leading to ferromagnetism. In many transition metal 














mediated by the intermediate anions. Such magnetic coupling is known as superexchange and 
can still be described by a Heisenberg Hamiltonian, in which the sign of ijJ is determined by the 
metal–oxygen–metal bond angle and the d electron conﬁguration on the transition metal. 
Carrier mediated exchange refers to interactions between localized magnetic moments that are 
mediated by free carriers in the system. The two different cases discussed here are the 
Rudermann-Kittel-Kasuya-Yosida (RKKY) interaction and Zener double exchange interaction.  
RKKY interaction describes the magnetic exchange between a single localized magnetic moment 
and a free electron gas. This system can be treated exactly quantum mechanically, and the sign of 
the exchange interaction, J can be shown to oscillate with the distance from the localized 
moment, R and with the density of electrons as 





J R F k R                                                   (5.2a) 
With the oscillating function being of the form 







                                                       (5.2b) 
The Zener double exchange model was ﬁrst proposed [90] to explain the experimentally 
observed ferromagnetism in the doped perovskite structure manganites such as La1−xAxMnO3, 
with A = Ca, Sr, or Ba. At intermediate values of 0 < x < 1 both Mn
4+
 (with three 3d electrons) 
and Mn
3+
 (with four 3d electrons) are present. The kinetic energy of the system is lowered if the 










 ions, but is distinct from super exchange interaction due to the involvement of carriers. 
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Lastly, the third model of bound magnetic polarons (BMPs) in connection with magnetic 
semiconductors was ﬁrst introduced to explain the low temperature metal–insulator transition in 
oxygen deﬁcient EuO [91]. In the BMP model, oxygen vacancies act both as electron donors, 
and as electron traps which can bind the electrons and maintain insulating behavior. Each 
trapped electron couples the local moments of the host lattice that lie within its orbit 
ferromagnetically, leading to a bound polaron with a large net magnetic moment. For certain 
polaron–polaron distances and combinations of electron–electron and electron–local moment 
exchange constants, the polarons may couple in a ferromagnetic fashion [92]. The critical 
distance above which the exchange between two BMPs becomes ferromagnetic is typically of 
the order of a few Bohr radii. The amplitude of the exchange interaction then drops off rapidly 
with distance. This BMP model has been widely used in highly insulating DMSO with very high 
dielectric constant.  
 
5.1.3 Dilute Magnetic Semiconducting Oxides 
Because of many potential applications in spintronics, magneto-optic, and opto-electronic 
devices, extensive efforts are being made to introduce room-temperature (RT) ferromagnetism 
(FM) into various wide-band-gap semiconducting oxides and III-V and II-VI based 
semiconducting systems [55, 83, 87, 93-101]. Considerable success has been made in the 
production of dilute magnetic semiconductors (DMS) by introducing a magnetic impurity into a 
non-magnetic host material. The term DMS refers to nonmagnetic semiconductors with dilute 
concentration of magnetic “dopants” uniformly distributed throughout the host matrix. The most 
reproducible carrier-induced FM in semiconductors is based on Mn-doping of GaAs, but its 
Curie temperature Tc is limited to about 173 K [83, 94, 95, 101, 102].  
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Oxides have been one of the most versatile material systems. Oxide semiconductors have been 
different from the conventional ones in structural forms, bonding characteristics and the nature of 
defect states [14]. As such, the research field of “dopants” in oxides promises to unravel new 
physics. Matsumoto et al. triggered the research in DMSO by reporting ferromagnetism in cobalt 
doped TiO2 in the year 2000, after ferromagnetism was reported in Mn “doped” ZnO. Following 
that, there have been intensive efforts to obtain robust ferromagnetism in oxide systems such as 
TiO2 and ZnO with different magnetic “dopants” [55, 96-100, 103]. Despite these developments, 
magnetic “dopant” based DMSO are a subject of intense debate due to the many inconsistent 
results related to secondary phase formation, unknown impurities or substitutionality, solubility, 
clustering and/or segregation of the magnetic impurities in the host oxide matrix [14, 104, 105]. 
The issues of non-uniformity of magnetic “dopants” and unwanted magnetic impurities have 
proved to be crucial hindrances in the progress of this field of research.  
 
5.1.4 Defect Mediated Ferromagnetism 
It is well known that imperfections in materials (whether chemical or structural) modify intrinsic 
material properties leading to many interesting effects such as luminescence, electrical 
conductivity, diffusion and superconductivity. Recent studies involving various oxides like TiO2, 
ZnO, HfO2, CeO2, In2O3, SnO2, Al2O3, SrO etc. reveal rather weak RT ferromagnetism 
properties in either pure or on incorporation of non-magnetic elements (Cr, Cu, C, N) [14, 99, 
106-109]. Coey [110, 111] proposed the possible role of oxygen vacancy i.e. F-center defects for 
the mechanisms of ferromagnetism in such material systems. Ferromagnetism should also be 
possible purely based on cationic defects without the incorporation of any magnetic elements 
[14, 112-116].  
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Ferromagnetism via cationic vacancy (with concomitant half-metallicity) in wide band-gap 
semiconducting oxides was originally proposed in the theoretical works of Elfimov et al. [113]. 
Later, Osorio-Guillén et al .[114, 115] pointed out that the cationic vacancies are readily formed 
in most of the wide band gap oxides due to either hole or electron doping. It was predicted that 
the wide band-gap CaO can become a half-metallic ferromagnet with about 5% cationic i.e. Ca 
vacancies. Such large amount of vacancies exceeds the equilibrium concentration of vacancies in 
solid by three orders of magnitude as suggested by Zunger [115]. Experimentally, the realization 
of such a large amount of cationic vacancies and hence the establishment of FM in CaO has 
never been achieved. The first experimental observation of a local magnetic moment arising 
from cationic vacancy was reported by Zhang et al. [60], who observed signatures of Kondo 
effect below 100 K in 5% Nb incorporated anatase TiO2 thin films grown under 10
-4
 Torr oxygen 
partial pressure by pulsed laser deposition (PLD). Using XAS and XPS, supported by first-
principle calculations, they had shown that the appearance of Kondo scattering was due to the 
presence of localized magnetic moments associated with cationic (Ti) vacancies produced due to 
Nb incorporation. However, no FM was observed presumably due to the low concentration of Ti 
vacancies and free carriers [117].  
In the previous chapter, we discussed the possible preference of Ta inducing ferromagnetism in 
TiO2 over Nb. However, with the magnetic signals in DMSO systems being orders lower than 
conventional magnetic materials such as ferrites, manganites or magnetites, the issue of 
contamination and such related artifacts pose a serious problem to this field. As such, for any 
credible research in DMSO impurity analysis of the samples become extremely important. In the 
next section, we introduce a detailed recipe for the impurity analysis that has been undertaken in 
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the present work to rule out any sort of contamination issues from ferromagnetism data on Ti1-
xTaxO2 thin films which will be introduced in the subsequent chapters. 
 
5.2 Magnetic Impurity Analysis in Ti1-xTaxO2 Thin Films 
5.2.1 Brief History and Motivation 
Coey and co-workers reported a rather controversial result [114, 118] of an unexpected 
ferromagnetism in undoped HfO2 ﬁlms with a Curie temperature exceeding 500 K and a 
magnetic moment of about 0.15 μB per HfO2 formula unit. This result challenged the basic 
understanding of ferromagnetic ordering in an insulator requiring the cation to have partially 
ﬁlled shells of d or f electrons. Neither Hf4+ nor O2− are magnetic ions, and the d and f shells of 
the Hf
4+
 ion are either empty or full. Moreover, the magnetization was found to be remarkably 
anisotropic, with the out of plane magnetization being up to three times greater than the in plane 
one. The coercive ﬁeld for the ﬁlm at low temperature was also found to be as low as 5 mTesla. 
While the authors could reproducibly produce ferromagnetism in HfO2 at different oxygen 
partial pressures and on different substrates, no ferromagnetism was found in similarly prepared 
ﬁlms of ZnO or SnO2.  
Following the aforesaid work, Abraham et al. [105] addressed the issue of ferromagnetism in 
undoped HfO2  ﬁlms. They did not observe any ferromagnetism in hafnium oxide and hafnium 
silicate ﬁlms grown onto silicon by chemical vapor deposition (CVD) and atomic layer 
deposition (ALD). Importantly, they brought out that contamination by handling with stainless-
steel tweezers could lead to a measurable magnetic signal. Moreover they showed that the 
magnetic properties associated with such contamination were similar to those attributed to 
ferromagnetic HfO2 by Coey et al. [119]. This revelation explained the inconsistency in the 
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results reported by various groups on this topic. As such, it becomes a necessary condition to 
have a detailed impurity analysis study as shown here.  
In the present work, we demonstrate that the observed ferromagnetism in Ta incorporated 
anatase TiO2 PLD thin film (discussed in Chapters 6 and 7) is an intrinsic effect and not due to 
magnetic impurities with the help of various techniques such as Rutherford backscattering 
spectroscopy (RBS), proton induced x-ray emission (PIXE), time-of-flight secondary ion mass 
spectrometry (TOF-SIMS), x-ray absorption spectroscopy (XAS) and atom probe tomography 
(APT). This study will serve as a possible guide for making sure that future reports on DMSO 
are subjected to the same rigor as in this study to ensure the absence of magnetic impurities and 
artifacts. 
 
5.2.2 RBS and PIXE Results 
In order to rule out the presence of most common magnetic impurities, RBS and PIXE (a non-
destructive multi-trace elemental quantitative technique with sensitivity down to parts per 
million levels) analysis using a 2.1 MeV proton beam was performed on the PLD targets of Ti1-
xTaxO2 and films grown on Si substrates.  RBS spectra obtained from TiO2 and Ti0.94Ta0.06O2 
targets and films grown on Si substrates along with the simulations are shown in the Figure 5.3. 
The films grown on Si substrates were deposited at the same deposition conditions under which 
magnetism could be produced. Details of the dependence of magnetism in Ti1-xTaxO2 on the 
deposition parameters are discussed in the subsequent chapters. The leading edges of the Ti and 
Ta signals appear around channel numbers 1240 and 1315, respectively. If any of Fe, Mn, Co, Ni 
or Cr impurities were present, they would appear between channel numbers 1250 and 1290 as 
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indicated in each figure. It is clear that there are no magnetic impurities within the detection limit 
of 50 ppm, limited by pulse pile up.  
For better precision PIXE spectroscopy (data collected by a Si (Li) detector with 160 eV 
resolution) also has been done on the same TiO2 and Ti0.94Ta0.06O2 targets and films as shown in 
the Figure 5.4 along with simulations. If any of Fe, Mn, Co, Ni or Cr impurities were present, 
they would appear between energy 5.2 and 8.2 eV as indicated in each figure. While Ta 
corresponds to 60000 ppm, the presence of magnetic contaminants in the samples can be safely 
ruled out with the signals being lower than the typical detection limit of about 20 ppm for such 
elements.   
5.2.3 XAS Results 
To further confirm our results, XAS technique was used.  In this experiment, the light was 
incident at a grazing angle of 20° from the sample surface. XAS is extremely sensitive to 
electronic band structure, especially for unoccupied states. The penetration depth for XAS was 
200 nm, which is adequate to cover the entire sample depth. The typical wide-scan XAS spectra 
are shown in Figure 6.5 along with the theoretical curves. The XAS data from 440 to 1000 eV do 
not show any signal at energies where the absorptions for Mn (~640 eV), Fe (~710 eV), Co 
(~780 eV), and Ni (~855 eV) are expected to occur as shown by the theoretical calculations. It 
may be noted that the Ta L2,3 edges are expected to occur at around 9881 and 11136 eV which 
are out of the soft X-ray range. It is very clear that the samples are not contaminated by any of 













Figure 5.3: Expanded view of RBS spectra for (a) pure TiO2, (b) Ti0.94Ta0.06O2 targets, (c) PLD deposited 
TiO2 thin film and (d) Ti0.94Ta0.06O2 thin film on a Si substrate showing the positions of common magnetic 















Figure 5.4: PIXE spectra of (a) pure TiO2, (b) Ti0.94Ta0.06O2 targets, (c) PLD deposited TiO2 thin film and (d) 









5.2.4 TOF-SIMS Results 
Further, the most sensitive trace element analysis technique, TOF-SIMS with 25-keV Bi analysis 
ions and 3-keV Ar sputtering ions, was employed. A reference target containing 1 at.% each of 
Cr, Fe, Mn, Ni, and Co and 95% of Ti was used for accurately normalizing the data. Under the 
same deposition condition as required to grow the Ti1-xTaxO2 magnetic samples, a thin film from 
this calibration target was also made. After integrating the intensities of the various elemental 
peaks in the SIMS mass spectra, it was normalised to that of 
47
Ti. Then the relative sensitivity 
factors of these elements were obtained from their intensities in the reference sample. It is clear 
from the data (Figure 5.6) that all of the magnetic elements in the pure TiO2 and Ti1-xTaxO2 
target, ferromagnetic Ti1-xTaxO2 film and the non-magnetic pure TiO2 film are at concentrations 
that are roughly five orders of magnitude lower than the Ti concentration i.e. substantially below 
0.001% (10 ppm) (about three orders of magnitude less than the Ta concentration).   
 
5.2.5 APT Results 
Finally APT was employed to analyze the distribution of Ta in the TiO2 film. Needle-like  
specimen was prepared by the lift-out technique and annular Ga ion beam milling from the 
Ti0.94Ta0.06O2 film on the (001) LaAlO3 substrate as described elsewhere. A locally built laser 
assisted three dimensional atom probe with an ultraviolet femtosecond laser was employed to 
obtain APT data [120-122]. The atom probe analysis was carried out under an ultrahigh vacuum 
(<2×10
-8
 Pa) at a specimen temperature of 30 K, with the following conditions: wave length: 343 
nm, pulse width: 400 fs, spot size: 150 mm, repetition ratio: 100 kHz, pulse energy: 300 nJ/pulse. 









Figure 5.5: A comparison of the wide scan XAS spectrum from the Ti0.94Ta0.06O2 film with theoretically 













Figure 5.6: TOF-SIMS spectrum of standards with 1% magnetic impurities of Fe, Cr, Mn, Ni and Co in 















Figure 5.7: Atom probe tomography of the Ti0.95Ta0.05O2 film optimally grown on (001) LaAlO3 substrate. (a) 




LaAlO3 substrate. Ta was found to distribute uniformly within the Ti0.94Ta0.06O2 films with no 
evidence for clusters (Figure 5.7 (b)).  
 
5.3 Conclusion 
 From the above results, it is recognized that the observed ferromagnetism in Ti1-xTaxO2 is an 
intrinsic property of the alloy. The presence of magnetic impurities in ferromagnetic 
Ti0.94Ta0.06O2 samples was studied by RBS, PIXE, XAS, TOF-SIMS and APT techniques. The 
unintended magnetic impurities (Fe, Ni, Mn, Co, Cr) were found to be substantially below 
0.001% compared to Ta, ruling out their influence on the observed room-temperature 
ferromagnetism in this material. This study will serve as a possible guide to ascertain that the 
future reports of novel ferromagnetism in DMSO are subjected to as intensive analysis as in this 















Cationic Vacancy Induced Room Temperature Ferromagnetism in 
Transparent Conducting Anatase Ti1-xTaxO2 Thin Films 
In the previous chapter we discussed about dilute magnetic semiconducting oxides and how 
defects such as cationic vacancies can be harnessed to obtain novel ferromagnetism in systems 
void of any magnetic element. We also put forward a detailed report on the impurity analysis that 
was done to ensure the absence of any sort of magnetic contaminant or artefacts in Ti1-xTaxO2 
thin films. Having accomplished that, we report on the observation of room temperature 
ferromagnetism in highly conducting transparent anatase Ti1-xTaxO2 thin films in this chapter. 
Ferromagnetism with concomitant large carrier densities was determined by a combination of 
superconducting quantum interference device (SQUID) magnetometry, electrical transport 
measurements, soft x-ray magnetic circular dichroism (SXMCD), X-ray absorption spectroscopy 
(XAS), and optical magnetic circular dichroism (OMCD) and was supported by first-principle 
calculations. SXMCD and XAS measurements revealed a 90% contribution to ferromagnetism 
from the Ti ions and a 10% contribution from the O ions. The role of Ti vacancy and Ti
3+
 was 
studied via x-ray absorption spectroscopy (XAS) and x-ray photoemission spectroscopy (XPS) 
respectively. It was found that in films with strong ferromagnetism, the Ti vacancy signal was 
strong while Ti
3+
 signal was absent. We propose (in the absence of any obvious exchange 
mechanisms) that the localised magnetic moments, Ti vacancy sites, are ferromagnetically 
ordered by itinerant carriers. 
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6.1 Structural, chemical, electrical and optical properties 
From the detailed structural analysis done in Chapter 2, we already know that the preferred 
temperature of growth for a highly crystalline pure TiO2 films was about 750°C and observed a 
catalytic effect of Ta on TiO2 which reduced the crystallization temperature. While FM was 
demonstrated on many samples, we present here four types of films to to illustrate the role of VTi 
and Ti
3+
 on the origin of FM in this system: pure TiO2 films grown at 600 and 750°C, and Ti1-
xTaxO2 (x~0.06) films grown at 600 and 750°C. 
X-Ray diffraction data shown in Chapters 2 confirmed the purity of the anatase phase for the 
samples studied here with RBS-ion channelling data stating almost complete Ta substitution in 
Ti lattice sites for the Ta incorporated samples. The optical band-gaps of the pure and Ta 
incorporated samples were found to be 3.32 and 3.4 eV, respectively by the UV-Visible 
spectroscopy as reported in Chapter 3.   
6.2 Magnetic Properties 
To study the ferromagnetic properties, SQUID measurements were performed on the pure and 
Ti1-xTaxO2 (x~0.06) thin films in a number of samples grown under different Ta concentrations, 
temperatures and oxygen partial pressures. In a study involving more than 60 samples, the 
magnetisation tended to peak at a Ta concentration of about 5-6%, deposition temperature of 
about 600°C (repeated for about 20 samples) and an oxygen pressure of about 10
-5
 Torr. The 
dependence of the magnetization on the deposition parameters and the Ta concentration are dealt 




A large number of samples prepared at optimum condition showed FM with saturation 
magnetization ranging from 1 to 4 emu/g with coercive fields ranging from 70 to 90 Oe. Efforts 
are being made to narrow down the scatter in the saturation magnetization value. In order to 
obtain a better signal to noise ratio in other measurements, we used samples that showed 
saturation magnetization values close to 4 emu/g. A magnetization curve for a Ti1-xTaxO2 
(x~0.06) film grown at 600°C along with the one obtained from a pure TiO2 film is shown in 
Figure 6.1. In Ti1-xTaxO2 (x~0.06) film, the magnetization of 4 emu/g implies 1.1 B/Ta using 
about 6% Ta ions (obtained from the RBS analysis), however, later analysis will reveal that Ta is 
not directly responsible for the FM but rather Ti vacancies induced by it. In the same figure the 
magnetization for a higher crystallinity Ti1-xTaxO2 (x~0.06) film grown at 750°C is also shown, 
with magnetization values less by a factor of more than 20 suggesting the possible role of defects 
in the FM. The LaAlO3 substrate treated under similar conditions showed only diamagnetic 
behaviour. The Curie temperature Tc of the sample was well above 100°C, above which reliable 
measurements are hard due to gradual modification of the material. 
Although the SQUID data clearly show the presence of RT FM in the Ti1-xTaxO2 (x~0.06) films, 
they do not provide microscopic insight into the origin of the ferromagnetic ordering. Thus, 
SXMCD measurements were performed in total yield mode as a function of photon energy using 
elliptically polarised light with a degree of circular polarisation p = 90 and an energy resolution 
of 0.25 eV at the SINS beam line of the Singapore Synchrotron Light Source (SSLS) [125] 
because this technique is not only element-specific but also capable of estimating both the spin 
and orbital magnetic moments and their anisotropies [126-128]. To measure the in-plane 








Figure 6.1: Magnetic hysteresis loops for pure (black), Ti1-xTaxO2 (x~0.06) thin films grown at 600°C (blue) 
and 750°C (red) in oxygen partial pressure of 1×10
-5









the light was incident at a grazing angle of 20° from the sample surface, with its propagation 
direction along the sample in-plane magnetisation direction. An external saturation magnetic 
field of up to 2000 Oe was applied to magnetise the sample along the in-plane direction.  The 
SXMCD is the difference between two XAS spectra in the soft energy range taken with different 
light polarisations or different magnetic field directions. To avoid any ambiguity, both methods 
were applied. In the first method, the XAS data were taken with two opposite circular 
polarisations relative to a fixed sample magnetisation direction (this was achieved by turning on 
a 0.2-T field for a short duration). The absorption coefficients, +  and -, which are directly 
proportional to XAS, have a photon helicity (spin) direction (+) and anti-parallel (-) to the 
sample magnetisation and magnetic field (M, H) direction, respectively [125, 126]. Therefore, 
the SXMCD is equal to (- - +). In the second method, the XAS data were taken with two 
opposite sample magnetisation directions while fixing one of the directions of the circular 
polarised light. It is important to note that these two methods yield very similar results, 
indicating that the SXMCD results directly reflect the intrinsic properties of films. The detection 
mode for both the SXMCD and XAS measurements was total electron yield (probing <20 nm) 
and fluorescence yield (probing <200 nm). Because the signal-to-noise ratio of the electron yield 
was superior, we only show here the total electron yield data.  
The SXMCD data of Ti1-xTaxO2 (x~0.06) films grown at 600°C and 750°C taken without any 
external magnetic field are shown Figure 6.2. In order to compare the SXMCD results at various 









Figure 6.2: The absorption coefficient µ at (a) Ti L2,3 edges and (b) O K edge of the pure TiO2 and Ti1-xTaxO2 




 are parallel and anti-parallel alignments between the 
photon helicity and the sample magnetisation direction. The corresponding SXMCD spectra for the (c) Ti L2,3 









to the Henke tables [129] far below and above the edges, and then the absorption coefficients, + 
(parallel) and - (antiparallel) were calculated. The advantage of this procedure is that it can be 
applied to most of resonant edges in the soft X-ray range and thus allows us to comapre the 
absorption coefficients at various edges [130, 131], i.e. the Ti L2,3 edges (2p  3d transitions) 
and the O K edge (O 1s  2p transition) for this study. The + and - at the Ti L2,3 edge consist 
of two sets of peaks separated by 5-6 eV due to core hole spin-orbit coupling [132, 133] of Ti 2pj 
with j=1/2 or 3/2. Moreover, due to ligand-field splitting, the 3d bands can be identified as t2g- 
and eg- symmetry bands. As a result, the Ti 2p  3d transitions consist of 4 dominant structures 
and all the relevant transitions are shown in the attached Table 6.1. It may be noted that the Ta 
L3,2 edges are expected to occur at around 9881 and 11136 eV which are out of the soft X-ray 
range [129].  
The + and - at the Ti L2,3 and O K edges of the Ti1-xTaxO2 (x~0.06) sample are shown in Figure 
6.2(a) and (b), respectively. The SXMCD spectra in Figure 6.2(c) and (d) correspond to the 
remnant magnetisation and are the most direct evidence for the intrinsic FM [104]. SXMCD 
signals are surprisingly robust despite the fact that there was no applied magnetic field during the 
measurement. The observation of remnant SXMCD signals rules out the possibility of super-
paramagnetism [127-129]. In contrast, the pure TiO2 film did not show any SXMCD signal at 
both resonant Ti L2,3 and O K edges. Further, higher crystallinity samples grown at 750°C 
showed SXMCD (Figure 6.2 (c)) signal ~20 times smaller consistent with the SQUID 
measurement. The fact that both the Ti L and O K edge showed SXMCD signals dominantly at 
the t2g-state indicates a strong p-d hybridisation and suggests that the t2g-derived state plays a 
dominant role in the observed FM in this system. By applying the X-ray MCD sum rule [126, 
127], we obtained that the contribution to the orbital magnetic moment of Ti was nine times  
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Table 6.1: SXMCD peaks and corresponding transitions at the Ti L and O K edges.  
 
Peak Position of SXMCD 
Signal 
Elemental Edge Transition 
458.2 eV Ti 2p3/2  3d(t2g) 
460 eV Ti 2p3/2  3d(eg) 
463.5 eV Ti 2p1/2  3d(t2g) 
465.5 eV Ti 2p1/2  3d(eg) 
530.6 eV O 1s  Ti 3d(t2g) 
533.2 eV O 1s  Ti 3d(eg) 
 
 
stronger than that of O and the spin alignment at Ti and O was parallel. These data confirm 
unambiguously that the origin of the FM is related to Ti defects.  
We further investigated the nature of this magnetism via OMCD, which is a photon-in and 
photon-out measurement, with an extended Sentech SE850 ellipsometer at the University of 
Hamburg, Germany. It covered an energy range from 0.5 to 5.5 eV and was equipped with an 
ultra-high vacuum cryostat. For SGME, additional mounted Helmholtz coils enable the 
application of a fast-switching external magnetic field of 4500 Oe in TMOKE geometry [134]. 
As the penetration depth was above 200 nm in this energy range, the whole film was scanned 
optically. 
Figure 6.3(a) displays the differential intensity change I/I as a function of photon energy from 2 
to 5 eV at various magnetic fields for the Ti1-xTaxO2 (x~0.06) film grown at 600°C. The position 
of the measured optical band gap of 3.42 eV is shown by a vertical dotted line. It is seen from the 
figure that the transitions around 3.5 and 4.5 eV are strongly influenced by the applied magnetic 
field. The change in sign of I/I at 4.5 eV is due to the optical transitions from non-spin-
polarised occupied states to two possible unoccupied states: majority-spin states at EF and the 
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minority-spin states roughly 1 eV above EF. The spin-splitting energy between the up-spin 
(majority spin) and the down-spin (minority spin) and spin polarisation of carriers at the optical 
band gap was about 1 eV which is similar to those found in colossal magneto-resistive 
manganites [39] suggesting a strong electron localisation effect (in the energy or k space) in this 
present system. Assuming that the bands close to Fermi energy (EF) have a low density of states, 
the width of the transition at 3.5 eV of about 0.7 eV corresponds to the width of the spin majority 
band. This strongly suggests that the occupied states correspond to O 2p states, whereas the 
majority and minority spin unoccupied states correspond to Ti 3d states. We next plot (Figure 
6.3(b)) the integrated absolute value of the OMCD signal between 2.2-4.1 eV and between 4.2-
4.75 eV as a function of the applied magnetic field going from 0 to 4500 Oe and back. The 
hysteresis loop obtained from the SQUID measurement overlaps quite well (inset of Figure 
6.3(b)) with the OMCD data. This further supports that the FM seen in all the magnetization 
measurements came from the same source.  
XPS data in Figure 6.4 show peaks at 459.1 eV (Ti 2p3/2) and 464.8 eV (Ti 2p3/2) which originate 
from Ti
4+
, while peaks at 457.3 and 462.4 eV are from Ti
3+
 confirming that Ti is dominantly in 





 ratios for pure TiO2 (Figure 6.4(a)) and Ti1-xTaxO2 (x~0.06) (Figure 6.4(b)) films 
grown at 600°C were ~0.65% and ~0.59%, respectively, while it was ~8.45% for the Ti1-xTaxO2 
(x~0.06) films grown at 750°C (Figure 6.4(c)) [97]. The Ta was found to be in the 5+ state in all 
the films [98].   







. After 6 at.% Ta incorporation, the n-type Ti1-xTaxO2 (x~0.06) films became 







Figure 6.3: (a) OMCD signals obtained from a Ti1-xTaxO2 (x~0.06) film grown at 600°C showing the dichroism 
and spin-polarised magnetisation near the optical band gap. The vertical dotted line represents the position of 
the optical band-gap. (b) Magnetic hysteresis loop from the OMCD measurement showing ferromagnetic 











Figure 6.4: The XPS analysis of Ti1-xTaxO2 (x~0.06) films at the Ti 2p core levels (a) Pure TiO2 film grown at 
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2
/Vs, 




 and 11.9 cm
2
/Vs, 
respectively. The full carrier activation was incomplete for all the Ta concentrations implying 
carrier compensation which peaked at about 5-6% Ta concentration as will be discussed in the 
next chapter [36]. This is the first evidence that the FM is related to the compensating cation 
defect centers. 
7.3 Theoretical Calculation 
To get further insight, first-principle calculations within a spin-polarised generalised-gradient 
approximation plus the on-site U parameter (GGA+U) were performed. A 48-atom super-cell, 
modelled by 2×2×1 repetition of the 12-atom conventional unit cell of anatase TiO2, which is 
proportional to 6.25% Ta doping, was employed to study the electronic structure of Ti1-xTaxO2 
films. For computational difficulties, the 6.25%-Ta dopant was used instead of actual 5.5% Ta, 
but this does not change the main conclusions. The effective on-site U parameter (Ueff=U-J) of 
5.8 eV and a scissor operator were used to make the calculated band gap comparable with the 
experimental value. The calculated electronic structures are shown in Figure 6.5(a)-(d). 
Interestingly, the magnetic moment mainly resides at Ti 3d(t2g) bands which are hybridized with 
O 2p bands which is consistent with SXMCD results. Our calculations also indicated that an 
isolated VTi produced a high-spin-polarization electronic state, which was mainly contributed by 
the O 2p orbital of the first-nearest O atoms around the VTi. Furthermore, the VTi - VTi interaction 
resulted in a stable ferromagnetic ground state. It is important to mention that the spin-polarized 
density induced by the VTi extends very long to the third- and even to the fifth-nearest O atoms. 
As a result, the spin-polarized VTi orbitals were delocalized. When the magnetic orbital of two 
VTi overlap through the common spin-polarized, third- and fifth-nearest O atom, the overlapping  
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spin density is nonzero, thereby leading to a long-range ferromagnetic alignment between the 
magnetic orbitals of two VTi [135]. In this process, free electron carriers are expected to facilitate 





interaction favours antiferromagnetism. This also fully supports our experimental 
observations in which sample with high Ti
3+
, i.e. Ta-TiO2 grown at 750°C Ta, has weak FM. 
Furthermore, the splitting energy between up-spin (majority spin) and down-spin (minority spin) 
Ti 3d states is about 1.1 eV. This value is also consistent with the OMCD measurements of Ti1-
xTaxO2 (x~0.06) film grown at 600°C shown in Figure 6.3(a) with a measured spin-splitting 
energy of about 1 eV. The calculated OMCD based on DOS is compared with the experimental 
results for the Ti1-xTaxO2 (x~0.06) film grown at 600°C in Figure 6.6. Due to the quantum 
mechanical selection rules for optical absorption, the spin-polarised majority and minority states 
are directly connected with the appearance of a magneto-optical response. In the energy range of 
2-5 eV, the optical transitions are dominated by charge transfer excitations between O 2p and Ti 
3d. The calculations considered the intersite transition from spin-up (spin-down)-occupied O 2p 
states to the spin-down (spin-up)-unoccupied Ti 3d states. Interestingly, the calculated OMCD 
spectrum tracks very well with the experimental data including the peak position and the width. 
This further supports that the FM is truly from intrinsic properties of the system.   
 
7.4 Origin of Ferromagnetism 
The evidence for FM from a variety of techniques is reassuring and what is left is to figure out 
the nature of cationic defect responsible for this. The Ti vacancy (VTi) and Ti
3+
 are the likely 
candidates and we need spectroscopic evidence to identify their role. The XPS data in Figure 6.4 







Figure 6.5: Calculated density of states of Ta incorporated anatase TiO2 system: (a) total DOS (b) partial 













Figure 6.6: Comparison between experimental and calculated OMCD data. The blue line through the OMCD 








exhibits 14 times higher Ti
3+
 signal than the ferromagnetic Ti1-xTaxO2 (x~0.06) film grown at 
600°C. These data rule out the role of Ti
3+
 in the FM seen.  
The XAS spectra taken at the Ti L2,3 edges from the pure and Ti1-xTaxO2 (x~0.06) films (both 
grown at 600 and 750°C) are shown after background correction [109, 130-132] in Figure 6.7(a) 
and (b) respectively.  The XAS signal of Ti1-xTaxO2 (x~0.06) films grown at 600°C increases 
dramatically in the t2g bands as compared to pure TiO2 film grown at the same temperature . The 
increasing spectral weight is the direct evidence [60] for the formation of VTi because a VTi 
creates four holes in the O 2p band, which is strongly hybridised with the Ti 3d band. The 
creation of these holes increases the number of unoccupied states near the Fermi level, e.g., in 
the t2g bands and therefore increases the XAS signal (which is also consistent with our theoretical 
calculations shown above). From the ratio of the t2g to eg bands for the pure, Ti1-xTaxO2 (x~0.06) 
film grown at 600°C (Figure 6.7(a)) we were able to estimate an upper limit of 3% for the VTi 
with the actual number likely to be lower by a factor of two or more as it did not account for all 
the defects that could increase the number of unoccupied states near the Fermi level. This 
number is a factor of 5 larger than the one would arrive for the vacancy concentration based on 
charge compensation. Altogether, one can say for sure that the actual vacancy concentration is 
somewhere in between 0.6-3%. Much more detailed study would be needed to further narrow 
down these numbers. By the same analogy, when we compare the pure TiO2 ad Ti1-xTaxO2 
(x~0.06) films grown at 750°C (Figure 6.7(b)) with, the t2g peak of the later decreases in height 
with respect to the former (together with the support of XPS data) suggesting no or very reduced 
VTi. 
In retrospect, it is important to note that the SXMCD signal in the present case is different from 
the one observed in LaMnO3/SrTiO3 originating from the Ti
3+
 states present at its interface as 
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recently reported by Garcia-Barriocanal et al [136]. This also suggests that the strong SXMCD 
signal in Ti1-xTaxO2 (x~0.06) films grown at 600°C does not arise from the Ti
3+
 defect and is 
most likely from the VTi. All these facts also support the fact that the role of Ti
3+
, if any, is 
secondary.  
Now that VTi is established as the magnetic entity, we will try to develop a microscopic 
understanding of the FM. The four unpaired electrons in a Ti vacancy site can align in three 
possible ways which will yield 4, 2 and 0 B. Statistically we can assume a value of 2 B per 
vacancy which would mean that to get the magnetization value seen, an amount of ~2.5% 
vacancy would be needed. In addition, to compensate 50% of the free electrons from the Ta, 
about 0.6% vacancies would be needed. So a total of about 3% VTi is adequate to explain the 
saturation magnetization as well as the electron compensation seen, which is consistent with the 
predictions [116].   The average distance between two Ti vacancies is about 3-4 unit cells. Unless 
the orbital magnetization of the Ti vacancy is extended over at least two unit cells, the direct 
exchange probability is very low. The fact that the FM (but instead see Kondo scattering [60]) 
not seen in samples prepared at higher oxygen pressures where the Ti vacancy concentration is 
higher but the carrier concentration is lower strongly argues in favour of a carrier mediated 
exchange. Figure 6.8 shows a schematic of the mechanism where the origin of FM is related to 
magnetic centres associated with the VTi. As the free electron carrier density of the Ti1-xTaxO2 




, the mechanism of FM is most likely facilitated through 









Figure 6.7: The XAS for pure TiO2 and Ti1-xTaxO2 (x~0.06) samples grown at (a) 600°C and (b) 750°C. The 
XAS for Ti1-xTaxO2 (x~0.06) sample grown at 600°C shows anomalous enhancement of the spectral weight at 
t2g states compared to the pure TiO2 grown at same temperature confirming the formation of significant 
amount of VTi  in Ti1-xTaxO2 films. In contrast, the XAS for Ti1-xTaxO2 (x~0.06) sample grown at 750°C shows 











The ferromagnetism seen in Ti1-xTaxO2 (x~0.06) thin films is verified by a battery of magnetic 
measurements and the after having eliminated the role of magnetic artefacts by a variety of 
analytical techniques in the previous chapter. With close to 100% substitutionality of the Ta, the 
activation of only 50% of the Ta implied the presence of compensating defects like VTi and Ti
3+
. 
Further spectroscopic evidence clearly showed the role of VTi and not Ti
3+
 leading to a 
mechanism where magnetic VTi were helped by RKKY exchange with the free electrons. This is 
the first demonstration of magnetism arising from cationic vacancies which may pave the way 
for other novel magnetic phenomena. In the next chapter, we present the detailed study of the 
dependence of ferromagnetism in Ti1-xTaxO2 thin films as a function of PLD deposition 
temperature, oxygen partial pressure and Ta concentration. The crucial necessity of two 





Figure 6.8: (a) Three-dimensional spin density plot of anatase TiO2 with two VTi. The yellow  isosurface 
represents the spin density of VTi, and dashed green circles show the range of the delocalized magnetic 
orbitals of VTi (b) A schematic of the maximum possible ferromagnetic ordering of magnetic centers  (gray 










Interplay Between Carrier and Cationic Defect Concentration in 
Ferromagnetism of Anatase Ti1-xTaxO2 Thin Films 
In the previous chapters, we have introduced defect engineering as one of the possible routes to 
dilute magnetic semiconductor oxides (DMSO). Cationic and anionic vacancies, intentionally 
created in the host oxide matrix, act as magnetic centers as illustrated in the last chapter.  
In this chapter, we present a detailed systematic study of the variation of the magnetization in 
Ti1-xTaxO2 thin films with the deposition parameters of the pulsed laser deposition (PLD) 
technique. Dependence of the magnetization with deposition temperature and the oxygen partial 
pressure has been illustrated with supporting causes. We also elucidate the effect and/or role of 
Ta in inducing VTi in the Ti1-xTaxO2 thin films and introducing the free carriers necessary for the 
RKKY interaction which we believe is the exchange interaction in this particular system.  
 
7.1 PLD Deposition of Ti1-xTaxO2 Thin Films 
Thin films of Ti1-xTaxO2 (x = 0.00 – 0.08) were grown epitaxially on LAO substrates using the 
pulsed laser deposition (PLD) technique using a Lambda Physik KrF excimer laser with 
wavelength 248 nm and pulse width of approximately 15 ns. The laser energy density was 
maintained at 3 J/cm
2
 with pulse frequency at 5 Hz for all the depositions. The duration of the 
deposition was optimized to get films of about 30 nm thicknesses. The targets used for the 
depositions were prepared from high purity (99.999%) TiO2 and Ta2O5 powders. The growth 






 Torr, respectively.  The details of the growth process are discussed in chapter 2 
of this thesis. 
The structural phases for all the films were characterized by Bruker D8 X-Ray Diffractometer. 
All the films prepared at or above 600°C were found to be in the perfect anatase form as shown 
in chapter 2. The crystal quality of the films, the exact Ta concentrations and their Ta 
substitutionality at the Ti lattice sites were measured quantitatively using Rutherford 
backscattering-Ion channeling spectroscopy (RBS). The detailed analysis of RBS spectroscopy 
on the magnetic Ti1-xTaxO2 thin films has also been discussed in the second chapter of this thesis. 
An extremely thorough and detailed scrutiny, involving RBS spectroscopy, Proton Induced X-
Ray Emission (PIXE), X-Ray Absorption Spectroscopy (XAS) and Secondary Ion Mass 
Spectroscopy (SIMS) has been done on the magnetic Ti1-xTaxO2 thin films and the targets used to 
rule out any impurity issues as shown in chapter 5. 
 
7.2 Experimental Results and Discussions 
To optimize the magnetization induced by Ta in TiO2, we studied the film growth under varying 
oxygen partial pressure, deposition temperature and Ta concentration. Magnetization 
measurements were done by Quantum Design SQUID MPMS system. We obtained electrical 
transport data to understand the effect of Ta incorporation on the magnetization of Ti1-xTaxO2 
thin films, with Hall measurements done using a Van der Pauw configuration. All the TiO2 films 
incorporated with Ta showed metallic behavior.  
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7.2.1 Dependence of Magnetization on PLD Deposition Conditions 
In this section, we present the data showing the variation of magnetization as a function of the 
PLD deposition temperature and the oxygen partial pressure. Oxygen partial pressure is an 
extremely important deposition parameter for any oxide thin film grown by PLD. In Figure 7.1, 
saturation magnetization and the carrier density of the samples are plotted as a function of 
oxygen partial pressure keeping the deposition temperature fixed at 600°C. It is seen that both 
the magnetization and the electron density for the films are highest at 1x10
-5 
Torr and gradually 
falls off as the pressure is increased. Structurally, Ti1-xTaxO2 thin films grown below 1x10
-5 
Torr 
will produce rutile films as shown in the phase diagram developed in chapter 2. The electron 
mobility of Ti1-xTaxO2 thin films in rutile phase is orders of magnitude lower than the anatase 
films. As such, it is understandable that for the rutile films, RKKY exchange mechanism is 
almost nullified and no perceptible magnetism is seen. At higher oxygen partial pressure (1x10
-4
 
Torr), the thin films have less oxygen vacancies and the carrier density is measured to be lower 
than for the films grown at lower oxygen partial pressure  (1x10
-5
 Torr). Since the films grown at 
1x10
-5
 Torr oxygen partial pressures have higher number of free carriers, the RKKY mechanism 
is enhanced. This explains the higher saturation magnetization for films grown at 1x10
-5
 Torr 
oxygen partial pressure.  
Similarly, Figure 7.2 shows the saturation magnetization of the Ti1-xTaxO2 thin films as a 
function of deposition temperature. The magnetization value peaks at 600°C and decreases 
considerably as the temperature is increased to 750°C. For temperatures below 600°C, the 
formation of rutile phase inhibits magnetism. RBS-Ion channeling experiments show that both 







Figure 7.1: Variation of magnetization as a function of oxygen partial pressure (left ordinate). Blue open 
circles represent magnetization for multiple samples while the dotted line represents the average value; 












Figure 7.2: Variation of magnetization as a function of deposition temperature (left ordinate). Blue open 
circles represent magnetization for multiple samples while the dotted line represents the average value; 









deposition temperature of the films. This clearly tells us that films grown at higher temperatures 
have better crystallinity as compared to those grown at lower temperatures. This may be 
annealing out a lot of the defect centers, which provide the magnetic moments necessary for the 
ferromagnetism in the Ti1-xTaxO2 thin films. Here the role of Ti
3+
 becomes very important. At 
higher temperature it is possible that more Ti
3+
 is produced which may work against FM due to 
possible antiferromagnetic alignment. XPS measurements as function of temperature may be 
quite important to shed more light on this. 
 
7.2.2 Role of Ta in the Magnetism of Ti1-xTaxO2 Thin Films 
Having discussed the importance of deposition parameters on the magnetization of Ti1-xTaxO2 
thin films, we move on to explain the important role played by the Ta incorporation in TiO2 
crystal. Theoreticians have already done calculations showing that Ta
5+
 in TiO2 (electron donor) 
reduces the formation energies of such defects in the crystal which act as electron acceptors (VTi, 
Ti
3+
 or Oxygen interstitials) [33, 34, 60].  As such, on one hand the Ta incorporation favors 
magnetism by inducing defect centers with magnetic moments. On the other hand, it hinders the 
same by reducing the number of free carriers required for the RKKY mechanism. Hence, there 
should be an optimum condition for Ta incorporation at which we would have enough defect 
centers and charge carriers at the same time. Highest magnetization should be observed when 
such a balance is struck. This is experimentally observed as shown in Figure 7.3. Saturation 
magnetization is highest for the samples with Ta incorporation around 6%. It is also interesting 









Figure 7.3: Variation of magnetization as a function of Ta incorporation in Ti1-xTaxO2 thin films. Blue open 








To realize the maximum possible magnetization in this system we repeated our deposition at the 
optimized growth condition. Figure 7.4 shows the magnetization values for ten such samples. 
The range of the magnetization obtained varies from 0.8 emu/g to 4.11 emu/g.  
Figure 7.5 shows the carrier density of the thin films as a function of the Ta concentration. 
Though the increase in the carrier density with Ta concentration is quite expected, the 
nonlinearity of the increase is quite striking. Figure 7.5 also shows us that all the carriers from 
the Ta incorporation in the Ti1-xTaxO2 films are not activated. Defects such as VTi are known as 
“electron killers” in a system and thus the amount of compensated carriers in a system can be 
correlated to such defects. As such, it is quite clear from the transport data that the number of 
compensating defects and uncompensated carriers are optimum in the case of the sample which 
has about 6% Ta incorporation.  
Now that VTi is established as the magnetic entity, we will try to develop a microscopic 
understanding of the FM. The four unpaired electrons in a Ti vacancy site can align in three 
possible ways which will yield 4, 2 and 0 μB. Statistically we can assume a value of 2 μB per 
vacancy which would mean that to get the magnetization value seen, an amount of ~2.5% 
vacancy would be needed. In addition, to compensate 50% of the free electrons from the Ta, 
about 0.6% vacancies would be needed. So a total of about 3% VTi is adequate to explain the 
saturation magnetization as well as the electron compensation seen which is consistent with the 
predictions. The average distance between two Ti vacancies is about 3-4 unit cells. Unless the 
orbital magnetization of the Ti vacancy is extended over at least two unit cells, the direct 
exchange probability is very low. The fact that the FM  is not seen in samples prepared at higher 























Figure 7.5: Variation of the actual activated carrier density as a function of Ta incorporation in Ti1-xTaxO2 
thin films (blue solid squares). Variation of calculated carrier density as a function of Ta incorporation in Ti1-
xTaxO2 thin films with 100% carrier activation (red solid circles). Variation of inactivated carrier density as a 









Kondo scattering is seen) where the Ti vacancy concentration is higher but the carrier 
concentration is lower strongly argues in favour of a carrier mediated exchange. As the free 




, the mechanism 
of FM is most likely facilitated through itinerant electron-mediated RKKY process. As such, it is 
necessary to have an optimum number of VTi and free electrons in our thin films at the same time 
to achieve ferromagnetism. This explains why the magnetization of the Ti1-xTaxO2 thin films is 
so sensitive to the PLD growth parameters.  
 
7.3 Conclusion 
As discussed earlier, the magnetization of the Ti1-xTaxO2 thin films can be explained by the 
RKKY mechanism, where defects such as VTi act as the local magnetic moments with the free 
electrons providing the exchange mechanism between them. However, it is well known that VTi 
is an “electron killer” with each VTi taking away 4 electrons. As such, it is necessary to have an 
optimum number of VTi and free electrons in our thin films at the same time to achieve 
ferromagnetism. This explains why the magnetization of the Ti1-xTaxO2 thin films is so sensitive 
to the PLD growth parameters.  
In conclusion, we have done a detailed analysis of the dependence of defect induced magnetism 
in Ti1-xTaxO2 thin films on deposition parameters such as the oxygen partial pressure and the 
deposition temperature. Films grown at higher temperatures (~ 700°C), show less defects and 
hence are not suitable for magnetism. Similarly, films grown at high oxygen partial pressure (~ 
1x10
-4
 Torr), have less carrier densities which suppresses the RKKY mediated magnetism. 
However, for the RKKY process to work, TiO2 has to be in the anatase phase and this restricts 
magnetism being seen in films grown at deposition temperatures lower than 600°C and oxygen 
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partial pressure lower than 1x10
-5
 Torr.  We have also illustrated the role of Ta in inducing 
magnetism in Ti1-xTaxO2 thin films by creating defects (magnetic centers) and by introducing 
free carriers to help them interact via RKKY mechanism. Ta has the dual role of providing 
carriers and also enhancing cationic defect formation leading to the defect induced magnetism in 














































Summary and Future Work 
8. 1 Summary 
8.1.1 Ti1-xTaxO2: A New Alloy System 
Single crystal thin films of Ti1-xTaxO2 were deposited using the PLD technique. Till date, the 
rutile phase in TiO2 has been the more widely studied phase. However, recently the anatase 
phase has gained a lot of prominence after the reports of the more interesting phenomena such as 
transparent conductivity and ferromagnetism in this phase. In this study, we developed an 
elaborate phase diagram of the different phases of TiO2 grown by the PLD process. The phase 
diagram will be an important piece of study which can be referred to later for the deposition 
conditions of TiO2 by the PLD process.  
We went through an extremely detailed study about the structural properties of the single crystal 
films. Various spectroscopic and microscopy techniques such as X-Ray Diffraction, Raman 
Spectroscopy, Rutherford Backscattering-Ion Channeling Spectroscopy, Raman Spectroscopy 
and Atomic Force Microscopy were use to study the effects of the PLD deposition parameters on 
the crystal quality of the films. It was concluded that the films grown at high deposition 
temperatures and high oxygen partial pressures had a higher crystal quality.  
A detailed analysis of the effect of Ta incorporation in the TiO2 crystal was also done. Ta was 
found to perfectly substitute Ti in the lattice structure. However, this led to the expansion of the 
lattice in the out-of-plane direction and contraction in the in-plane direction. The variations of 
the Raman mode frequencies with different Ta concentration helped us unravel the fact.  
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UV-Visible Spectroscopy was used to the study the blue shift in the band gap of Ti1-xTaxO2 thin 
films as a function of the Ta concentration. The data was fitted to the Vegard‟s Law. The blue 
shifts were observed in both the anatase and the rutile phases. With the help of the electrical 
transport data, it was argued that band filling was not enough for the huge blue shifts observed. It 
was a clear hint that the Ta incorporation was having a much dramatic effect on the band 
structure of TiO2. High Energy Optical Reflectivity data showed a drastic shift of the spectral 
weight confirming that the Ta incorporation in TiO2 is leading to the formation of a new alloy 
with a distinct electronic band structure. This laid down the foundation for the optical, electrical 
and magnetic effects that we reported in the subsequent chapters. 
 
8.1.2 Electrical Properties in Ti1-xTaxO2 Alloy 
TiO2 thin films incorporated with either Ta or Nb showed Kondo effect and particularly for Ta 
incorporation no other localization effect. The resistivity versus temperature curves were fitted 
by two different formulas: The Goldhaber-Gordon formula derived from the numerical 
renormalization group theory and the Hamann formula which was developed form the equation 
of motion method. It was surprising to note that both the formulas gave similar results for the 
fitting parameters. Plotting the Kondo temperature as a function of the carrier density and 
magnetic center density, it was clear that Ta incorporation was more likely than Nb to produce 





8.1.3 Magnetic Properties in Ti1-xTaxO2 Alloy 
Room temperature ferromagnetism was discovered in Ti1-xTaxO2 thin films. In order to rule out 
any issues such as the presence of magnetic contaminants or any other artefacts, an intensive 
study was done. Various spectroscopy techniques such as Rutherford Backscattering, Proton 
Induced X-Ray Emission, wide range X-Ray Absorption, Secondary Ion Mass Spectrometry and 
Atomic Probe Tomography was used to confirm the purity of our samples.   
Highly sensitive SQUID magnetometer was used to measure the room temperature 
ferromagnetism in Ti1-xTaxO2 samples. Other element specific measurement techniques, such as 
Soft X-Ray Magnetic Circular Dichroism and Optical Magnetic Circular Dichroism were used to 
confirm that the origin of the magnetization was Ti vacancies in the crystal. This was the first 
experimental proof of cationic vacancy originated magnetism. Theoretical calculations supported 
by XAS data helped us in developing the model for the observed magnetism. Ti vacancies act as 
magnetic centers which interact through the itinerant carriers in the system through an RKKY 
type interaction to produce the ferromagnetism.  
Further detailed measurements were done to study the dependence of the ferromagnetism in the 
Ti1-xTaxO2 thin films on the PLD deposition conditions. It was found that the ferromagnetism 
was extremely sensitive to the PLD deposition temperature and oxygen partial pressure. The Ta 
concentration also had a dramatic effect in the level of ferromagnetism observed in Ti1-xTaxO2. 
Both the magnetic centers (Ti vacancies) and the itinerant charge carriers, which tend to 
compensate each other, are crucial for the ferromagnetism. Hence, only at an optimum Ta 




8. 2 Future Work 
Ti1-xTaxO2 has proved to be an extremely rich system to work on. Besides extremely interesting 
Physics, it also gives ample scope for technology development. Here are some of the very 
exciting future opportunity that could be pursued: 
 It will be extremely interesting to probe the band gaps for TiO2 with much higher Ta 
concentrations, such as 40% or 60%. It will also be interesting to study Ta2O5 samples 
incorporated with Ti. It will be very useful to have a wider band gap material which 
would still be metallic.  
 In our PL study we see the high energy excitonic peaks arising for samples with 4% Ta 
incorporation and above. Those peaks are not observed for the sample with 2% Ta 
incorporation. Hence, it is of utmost importance to study TiO2 samples with Ta 
concentration in between 2% and 4% to check the transition. This will shed more light 
on the band structure modification of TiO2 with Ta incorporation. The sudden change in 
the intensity of the excitons is suggestive of an indirect to direct band gap ohase 
transition in the system with Ta concentration. 
 There has been some initial data on tuning the Kondo Temperature by gating the thin 
films of Ti1-xTaxO2. It will be very important to continue the study as it will lead to 
possible avenues of modulating the magnetic centers and charge carriers and hence the 
magnetism in the system. 
 There are ample scopes of developing devices such as magnetic tunnel junction based on 
Ti1-xTaxO2 thin films. It will be a fascinating problem to work on building the device and 
measure the magnetoresistance of the system. 
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 One of the most important problems will be to study Ti1-xTaxO2 thin films grown on 
LAO/STO 2-D electron gas as substrates. The exchange interaction may be very 
interesting and may lead to new physics altogether.  
 Lastly, it will be of utmost importance to study superconductivity in the system. For this 
study it is necessary to also consider Ti1-xNbxO2 along with Ti1-xTaxO2 and make a 















Appendix A1                                                                                     
Pulsed Laser Deposition (PLD) 
PLD is one of the simplest thin film deposition techniques. In spite of that, PLD has developed to 
be one of the most important and versatile deposition techniques for multi-elemental thin films.  
A schematic of the pulsed laser deposition system is shown in Fig. A. 1.1. The system consists of 
three parts: an excimer laser, an optical set up, and a vacuum chamber. The excimer laser used in 
this work is a Lambda Physik excimer KrF UV laser which generate laser pulse with wavelength 
¸ of 248 nm, pulse duration of about 12 ns, maximal output energy of 450 mJ, and maximal 
pulsed rate of 100 Hz. Optical lens are applied to focus the laser beam into a millimeter size spot 
in order to achieve high energy density (typically > 2 J/ cm
2
) at the target site. The dielectric 
mirrors are used to detect the beam towards the chamber and a fused silica window is employed 
to allow the laser beam to enter the vacuum chamber. The vacuum chamber is mainly equipped 
with pressure control set up, target carousel, and substrate holder with temperature controller. An 
oil-free turbo pump backed by a rotary pump enables the chamber to reach a vacuum of 10
-7
 
Torr. Various high-purity gases are supplied to the chamber through a system of gas lines, 
valves, and flow controllers. An electrical motor controlled by a computer program is equipped 
to rotate the targets during deposition. The substrate holder integrated with a resistive heater is 
able to control the deposition temperature through a transformerless power supply. 
When the laser beam strikes a target (polycrystalline pellet), the laser energy is absorbed by the 
target material within a few nanometers of the surface layer, which heats up the material to an 
extremely high temperature (many times greater than the melting point of material). The surface 
layer of the target is thus evaporated and produces a forward-directed plasma plume containing 
high speed neutrals, ionized atoms and electrons of the target species. These ablated materials 
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condense onto an appropriately heated substrate placed 5~10 cm away from the target, as a result 
of which, the thin film nucleates and grows. Because of the non-equilibrium heating, during 
which there is little surface diffusion on the target and hence (little segregation) and the large 
density of the evaporated plume in which collisional processes average out the kinematics of the 
various species, the PLD process tends to closely reproduce the composition of the target in the 
film. This is one of the key advantages of this technique. 
 




Appendix A2                                                                                     
A New Route to Graphene Layers by Selective Laser Ablation  
Selectively creating regions of spatially varying thickness may enable the utilization of the 
electronic properties of N-layer (N=1 or more) graphene and other similar layered materials (e.g., 
topological insulators or layered superconductors) for novel devices and functionalities on a 
single chip. The ablation threshold energy density increases dramatically for decreasing layer 
numbers of graphene originating from the dimensional crossover of the specific heat. For the 2D 
regime of graphite (up to N≈7) the dominant flexural mode specific heat (due to its N-1 
dependence) gives rise to a strong layer number-dependence on the pulsed laser ablation 
threshold energy density, while for 3D regime (N>>7) the ablation threshold saturates due to 
dominant acoustic mode specific heat. As a result, several energy density windows exist between 
the minimum energy densities that are required for ablating single, bi, or more layers of 
graphene, allowing layer number selectivity. 
Graphene, which is a single-layer of carbon atoms, is one of the most fascinating materials, and 
its extraordinary quantum electronic properties have been recently demonstrated. Electrons in 
this two-dimensional crystal can be described by Dirac‟s equation, are fully relativistic, and 
exhibit extremely high mobilities. Moreover, bi-layer graphene allows the fabrication of a field-
effect transistor with electric-field-tunable band gap. Despite these attractive properties, the most 
significant challenge to using this material in devices is the production of defect-free, large-area, 
single-crystal graphene in a reproducible manner. In addition, a technique to spatially and 
selectively ablate regions of multi-layer graphene will enable us to exploit the thickness-
dependent properties of graphene, such as the utilization of high carrier mobilities (seen in 
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single-layer graphene), a variable band gap (seen in bi-layers), or better ohmic contacts (seen in 
graphite). Also using this technique, the realization of an all graphene/graphite-based integrated 
circuit, wherein the many attractive properties of the different manifestations of graphene may be 
fully exploited. Such a futuristic graphene integrated circuit (not to scale) using highly ordered 
pyrolytic graphite (HOPG) is shown in Fig A2.1. 
 
Figure A2.1: A futuristic graphene integrated circuit (not to scale), wherein the desirable properties of 
various thicknesses of graphene layers are utilized along with strategic oxides (SiO2, ferroelectric, 
ferromagnetic, multiferroic, etc.) in response to various external stimuli, such as electric or magnetic fields. In 
the present illustration, the device structure is fabricated from a very thin single-crystal graphite sheet after 
subsequent patterning/selective ablation. The remaining graphite acts as a good ohmic contact and 
interconnection between the top Al metallization (which also acts as a self-aligned mask, protecting the 




Currently, the growth of grapheme is dominated by the Cu-based CVD process which allows for 
the growth of large-area, polycrystalline, single-layer graphene. However, CVD-grown 
graphene, despite its large area, is polycrystalline due to mosaicity, and the grain sizes are in the 
sub-millimeter range. Moreover, millimeter-sized grains can only occasionally be obtained; 
hence, a clean single-crystal layer of graphene that can be produced on a large scale has yet to be 
reproducibly achieved. Much larger single crystal graphene on a mm scale could potentially be 
produced from single crystal graphite using the findings described in this paper, wherein we 
demonstrate a nsec laser-based process that discriminates between different graphene layer 
thicknesses. This article presents fundamental experimental data that validate these concepts and 
reveals an interesting dimensional cross over in the ablation properties of these layers arising 
from the different nature of the phonon modes in 2 and 3 dimensions.  
For present experiments, Graphene flakes of about 5-50µmx5-30 µm in dimension, which were 
produced by an exfoliation method, were placed on 290-nm-thick SiO2 films that had been 
grown on Si substrates. Samples were divided into five groups according to their thicknesses: 
single layers, bi-layers, 3-5 layers, 5-10 layers, and more than 10 layers. The thickness of the 
single and bilayers were clearly verified by Raman to 100% accuracy as described by Ferrari et 
al. The thicker ones which show a larger uncertainty were estimated by an optical color contrast 
technique and these measurements give reasonably reproducible values with an increasing 
uncertainty with N. Then they were ablated by a single pulse of 248 nm (20 nsec) pulsed laser 
energy at a density of 0.1-1 J/cm
2
 at room temperature (RT) in vacuum or an Ar atmosphere or in 
air. It may be noted that the SiO2 substrate has little absorption at 248 nm, and the silicon that 
absorbs at a depth of 290 nm should not play an appreciable role in the heat transfer process. 
Hydrocarbons and moisture at the interface could play a role, but we treated the samples with a 
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low-energy density, single-shot pulse (~0.05 J/cm
2
), which removed any variability from this 
interface layer. After laser treatment, the samples were characterized again by both optical and 
Raman spectroscopy. Standard e-beam lithography and subsequent Cr/Au (5 nm/35 nm) 
deposition were used to form graphene devices for four terminal measurements.  
To determine the optical absorption length, high-energy optical study was done on graphene that 
was produced from 6H-SiC. The thickness of the graphene layers was determined by Raman 
spectroscopy and STM. For larger N, we used a technique that was reported by Shivaraman et al. 
The optical absorption of various graphene layers was measured using a spectroscopic 
generalized ellipsometer (SGE). The experiments were conducted under an ultra-high vacuum 
condition of 5x10
-9
 mbar in order to ensure that there was no surface contamination during the 
measurements. The SGE is a unique spectroscopic technique because, from one single 
measurement, the dielectric function (i*1 + 2) as well as the absorption coefficient can be 
obtained without performing the Kramers-Kronig transformation. 
To illustrate the dramatic thickness dependence of the ablation process we compare a single layer 
grapheme with a multilayer sample. Fig. A2.2(a) depicts an optical microscope image of a 
pristine single-layer graphene flake (5 µm x10 µm), and the corresponding Raman spectrum is 
shown in Fig. A2.3. The Raman spectrum clearly depicts the presence of a sharp G peak at 1596 
cm
-1
 and a 2D peak at 2708 cm
-1
. A multi-layer graphene flake of varying thickness 
(approximately 5-30 layers as determined by color contrasts under optical microscope) was also 
placed near the single-layer graphene. Both flakes were irradiated with a single pulse (248 nm, 
20 ns) of laser energy at a density of 0.1-1 J/cm
2
 at room temperature (RT) in Ar atmosphere, 
and the results are depicted in Fig. A2.2(b)-(d).  
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It is clear from Fig. A2.2(b) that both the layers are not appreciably affected at 0.1 J/cm
2
; 
however, the Raman spectrum depicted in Fig. A2.3 demonstrates that the intensities of the G 
and 2D peaks of the single-layer graphene slightly decrease, while a D peak (in the inset) at 1350 
cm
-1
 appears. The D peak indicates the presence of defects; however, at an energy density of 0.2 
J/cm
2
, most of the layers from the thicker flake are ablated (Fig. A2. 2(c)), but not the single-
layer graphene. Only a further decrease in intensity of the 2D peak and an increase in the 
intensity of the D signal are observed. This trend continues as a function of increasing energy 
density (Fig. A2.2(d)), and finally, the ablation threshold energy density (Eth) for single-layer is 





Figure A2.2: The laser irradiation-induced effects on a single and multilayer graphene at RT in Ar 
atmosphere: (a) pristine; (b) 0.1 J/cm
2
; (c) 0.2 J/cm
2







Figure A2.3: Raman spectra of the laser irradiated graphene samples whose images are displayed in Fig. A2.2 
(a-d), showing G, 2D, and D (in the inset) peaks  
 
 
Similar to the single-layer graphene, the bi-layer graphene (as verified by Raman spectroscopy, 
not shown here) was unaffected up to 0.5 J/cm
2
 and Eth was observed to be ~0.55+0.1 J/cm
2
. 
Laser ablations that were conducted in vacuum show similar behaviors as those in Ar, whereas 
laser ablations in air oxidize the graphene layers and hence, this process is most suited for inert 
or vacuum ambient. 
Fig. A2.4 summarizes the results of the ablation of various graphene layers as a function of laser 
ablation energy density. All thicker layers (>3-5 layers) can be observed to have been ablated 
using fluences of less than or equal to 0.6 J/cm
2
. Clearly, there is a significant difference in the 
Eth for single (0.85 J/cm
2
) and bi-layer (0.55 J/cm
2
) graphene, which rapidly decreases with an 




Figure A2.4: The ablation of graphene layers as a function of laser energy density and graphene layer-
number N clearly showing the existence of the differences in ETh between single-, bi-or more layers  
 
 
What is the origin of this strong layer-number dependence of Eth? This must be from the two 
fundamental properties (optical absorption coefficient and specific heat) of N-layer graphene 
which play important roles in determining the Eth. The laser spot (~mm) is much bigger than the 
sample (~tens of micron) and due to the thermal boundary resistance the role of thermal 
conductivity can be neglected in the heat equation.  
We first focus on the optical absorption data (experimental details in online materials) in Fig. 
A2.5 in which the optical absorption length,  (normalized by N=1), at ~5 eV (~248 nm) is 





inset of Fig. A2.5 depicts as a function of incident photon energy on various graphene layer 
thicknesses. Fig A2.6 shows a plot of threshold energy density versus layer numbers where for 
each data point shown, the thickness and ablation threshold data for a number of samples ranging 
from 3-6 was averaged and shown as a single data point with error bars. As shown (red solid 
line) .the optical absorption alone is incapable of adequately explaining the large variation of Eth 




Figure A2.5: The graphene layer-number N, as a function of of N-layers (normalized to  shows an 
approximate N
-0.38




Hence, this N dependence of Eth is most likely due to how the heat couples with the N-layer 
graphene or graphite via phonons in order to raise its temperature. The nature of the phonon 
contribution to the specific heat as a function of N is very important. In layered systems, 
“flaking” occurs because out-of-plane (flexural) modes “melt” the weak interlayer interaction. In 
single-layer graphene, these flexural modes can be excited with a laser beam, and for an N-layer 
system, the flexural mode dispersion is given by: 
                                                         ωN(k) = (Y/ρ)
1/2 
cNk
2                                                             
(A2.1), 
where k is the two-dimensional momentum, Y=1 TPa is the Young‟s modulus of graphite ρ= 
2,200 kg/m
3
 is the mass density of graphite, and c=0.34 nm is the interlayer distance. Amazingly 
enough, it has been shown that this dispersion is valid for even N=1, wherein the bending 
rigidity, κ, of graphene is related to the parameters of graphite by κ=Yc3 =1 eV. Using Eq. 1, it is 
a simple task to compute the flexural (Cf) contribution to the specific heat of the N-layer system: 






               (A2.2), 
where kB is Boltzmann‟s constant; hence, the specific heat scales with 1/N. In a macroscopic 
crystal, wherein N>>1, the flexural modes turn into acoustical out-of-plane modes (Ca) and the 
dispersion changes to ω(k) = vk, where v is the out-of-plane sound velocity. Fig. A2.6 (green 
line) depicts a fit to the Eth assuming only the N dependence of Cf. It is clear that the fit is not 
good for N>5.  
In order to fit this function over the entire range of N values, we will have also to take into 
account the Ca which dominates in the large N limit. In Fig. A2.6, we have fitted (blue solid line) 
the experimental data by assuming that the Eth can be approximated by the following energy 
balance equation (per unit mass): 
            Eth(J/cm
2
)=C0Ct (N,T)/ = C0N
-0.38






)]        (A2.3), 
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where, the total specific heat is Ct=Cf +Ca, ~N
0.38
, C0 =0.8 is a constant. A value of N0 =7.4 is 
obtained from the best fit and this represents the minimum number of graphene layers that is 
needed to form a 3D graphite from the perspective of acoustical mode of specific heat. This 
observation is interesting, especially because this value is consistent with the experimentally 
measured layer numbers (~5-10), beyond which the Raman signals from the graphene and 
graphite are indistinguishable. Hence, the existence of the ablation threshold energy gap is a 
property of 2D graphene, and the decreasing energy gap as a function of increasing layer number 
is the direct manifestation of the 2D-to-3D transition of graphene to graphite. These results are 
also consistent with the recent work on the observation of dimensional crossover of thermal 
conductivity as a function of layer numbers in graphene where the nature of the phonon changes 
from 2D-to-3D. 
To cast this experiment in the light of what has been done with other systems, unlike the case of 
the nsec laser melting of silicon, wherein the thermal conductivity becomes an integral part of 
the heat equation, the strong anisotropy of graphite‟s thermal conductivity enables the above 
approximation to work. As can be seen, this simple theory agrees well with the experimental 
data. This result is a consequence of the interplay of phonon dynamics, which strongly depend 
on the number of layers and manifests only for nsec laser irradiation; however, in many fsec 
laser studies, such a simple dependence has not been observed because the time scales of the 





Figure A2.6:  The ablation threshold energy density (ETh) is plotted as a function of graphene layer-number 
N. The red solid line is the N
-0.38
 dependence that arises from only , the green solid line is the N-1.38 
dependence that arises from both  and flexural mode (Cf) specific heat (Eq. A2.2), and the blue solid line 
with the product of and total specific heat (Eq. A2.3)   
 
 
In order to understand the usefulness of this process, we fabricated a graphene device (shown in 
the inset of Fig. A2.7) that was fabricated from a laser-irradiated single-layer graphene sheet that 
was subjected to a dose of 0.2 J/cm
2
 at RT in Ar. Fig. A2.7 depicts the resistance (R) versus gate 
voltage (VBG) of this device. Quantitatively, such ambipolar R vs. VBG characteristics can be well 
fitted by the model: 
                                                      
2 2
0 0( ( ))
L
R
W e n V V 

 
                                 (A2.4), 
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Where n0 is the residual carrier density at minimum conductivity, L=6.3 μm, and W=2.2 μm are 
the length and width of our graphene working channel, α(V-V0)=n, the carrier concentration 
induced by back gate bias away from the Dirac point. A rather high field effect mobility (µ) of 
about 12,000 cm
2
/Vs can be extracted from the fitting, with a sheet resistance of approximately 
250 Ohms. The present results demonstrate that the laser irradiation used in this work does not 
negatively impact the electron mobility or resistivity of the graphene, preserving their electronic 
usefulness for device applications at energy densities of less than 0.2 J/cm
2
. An optimized 
combination of laser wavelength, pulse duration, substrate temperature, and ambient gas could 
increase this energy density to higher values. Alternatively, by using higher substrate 
temperatures the ablation energy density could be brought down. 
 
Figure A2.7: The four-terminal device resistance (blue solid line) versus gate voltage of a graphene sheet 
(dotted red line is the fit to Eq. A2.4) that has been irradiated at a laser energy density of 0.2 J/cm
2





In summary, while this paper successfully shows the underlying science behind the process that 
is needed to achieve the vision depicted in Fig. A2.1, it will take further experimental effort to 
fully realize the potential of this process. The ablation threshold energy density increases 
dramatically for decreasing layer numbers of graphene originating from the dimensional 
crossover of the specific heat. For the 2D regime of graphite (up to N≈7) the dominant flexural 
mode specific heat (due to its N
-1
 dependence) gives rise to a strong layer number-dependence on 
the pulsed laser ablation threshold energy density, while for 3D regime (N>>7) the ablation 
threshold saturates due to dominant acoustic mode specific heat and the 2D to 3D cross over 
occurs close to the values obtained from Raman measurements. As a result, several energy 
density windows exist between the minimum energy densities that are required for ablating 
single, bi, or more layers of graphene, allowing layer number selectivity. While it is obvious that 
one can exploit this process for graphene, this may also be applicable to other  important layered 
structure materials with weak interlayer coupling, such as MoSe2, NbS2, topological insulators 











Appendix A.3                                                                                           
X-Ray Diffraction (XRD) 
X-Ray diffraction is a simple, yet powerful technique for structural characterization. It 
investigates the lattice spacings, phase composition, and epitaxy of a material. A schematic of 
Bruker D8 X-Ray diffractometer for our characterization studies is shown in Fig. A3.1. The X-
Ray, from Cu Kα source operated at 40kV, 30mA, is diffracted at the sample and received by a 
detector. For an ω - 2θ coupled scan (studying the lattice spacing etc.), the x-ray source is fixed, 
while the sample rotates with a steady angular velocity, and the detector rotates with an angular 
velocity satisfying 2θ = 2ω. The X-Rays are diffracted by atomic planes in the crystal and 
constructively interfere when the Bragg condition is satisfied: 
                                                         2d sinθ = nλ                                                       (A3.1) 
where d is the spacing between atomic planes, θ= ω  is the angle between atomic plane and the 
incident x-ray beam, ¸ is the X-Ray wavelength, and n is the diffraction order.  
  




At this Bragg condition, a peak shows up at the intensity versus 2µ pattern. Therefore, the d 
value of those atomic planes, which are perpendicular to the beam plane, can be extracted by Eq. 
A3.1. 
For a rocking curve (studying the degree of crystallinity of a film), both the source and detector 
(2θ) are fixed at the Bragg condition for a known lattice d value, while the sample rotates (ω is 
changed around θ). The width of the resulting scan peak is an indicator to the degree of 
misorientation of the grains in the film. A narrower peak usually suggests a less misorientation of 

















Appendix A.4                                                                                    
Raman Spectroscopy 
Raman scattering is an inelastic scattering of light particles - photons. When a bunch of photons 
is scattered from an atom or a molecule, most of it gets elastically scattered, referred as Rayleigh 
scattering (Fig. 1.1), where the scattered photons have same energy (frequency) and momentum 
(wavelength) as the incident photons. Nonetheless, a very small fractional part of the scattered 
photons have a different frequency from that of the incident photons, known as inelastically 
scattered photons which are either Brillouin or Raman scattered. While Brillouin scattering is an 
inelastic scattering of photons by acoustic excitations of a material, Raman scattering is that by 
optical excitations of the material. In short, Raman scattering is a process where an incident light 
gets inelastically scattered by the quasiparticles of the material under study thus either losing or 
gaining some energy to / from the material giving rise to Stokes (energy lost) and anti-Stokes 
(energy gained) Raman processes, as shown in Fig. A4.1. The excitations or quasiparticles of the 
materials can be vibrational modes in a molecule, phonons in a crystal, plasmons, electronic 
excitations, magnons, etc. Fig. A4.1 also depicts the infrared absorption and fluorescence 
processes. In the absorption process, a photon of energy in resonance with the energy of 
vibration (usually in the infrared region) is absorbed. However, in the process of fluorescence the 
energy contained in the incident photons is transferred to electrons that get „excited‟. Electrons in 
the excited state are unstable and rapidly lose this excess energy in two stages - first through a 
non-radiative relaxation thus releasing a small amount of energy in the form of heat (vibration) 
followed by an emission of a photon of energy lesser than the absorbed photon. Raman 
spectroscopy is a highly versatile and nondestructive characterization tool that has been 
extensively used in the fields of physics, chemistry, materials science and engineering. It was 
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first theoretically predicted by A. Smeckal whereas the first experimental confirmation was by 
Sir C. V. Raman and K. S. Krishnan (that led to the Nobel Prize in 1930), and independently by 
G. Landsberg and L. Mandelstam, in 1928. 
 
 









Appendix A.5                                                                             
Rutherford backscattering-Ion Channeling 
Rutherford backscattering spectrometry (RBS) is a powerful technique for structural and 
compositional characterization of thin films or single crystals (Fig. A5. 1 (a). A beam of 
monoenergetic α particles (4He2+) is generated by an electrostatic accelerator, and directed 
towards the sample via the magnetic steering mechanism. When the α particles reach the sample 
surface, some of them are elastically scattered of the surface atoms, while the others enter the 
sample with energy loses along the way and are further scattered by the atoms inside of the 
sample (Fig. A5.1 (b)). The number and energy of backscattered α particles are detected and the 
resulting spectrum is the intensity of backscattered particles as a function of energy. 
Since the collision between α particle and atom is elastic, the energy (E) of the backscattered α 
particle is proportional to the atomic mass (M). The intensity of spectrum at a particular energy 
is proportional to the number of corresponding atoms inside of the sample. Thereby, the 
elemental composition of the sample can be readily determined by spectrum. The second 
application of RBS is to measure the thickness of the film because the width of the peak in the 
spectrum is proportional to the thickness (t) of the sample (Fig. A5.1(b)).  
The degree of crystalline order in a film can be determined via RBS by operating the system in 
ion channeling mode. In this model, the sample is aligned with the particle beam (Fig. A5.2 (a)). 
The beam passes through the sample with significantly reduced backscattering if the atoms are 
aligned perfectly in the sample. However, if some defects or disorder exist (Fig. A5. 2 (a)), some 













Figure A5.2: RBS ion channeling mode for (a) a perfect crystalline lattice; (b) a disordered lattice. 
 
measurable intensity of spectrum. This intensity relative to the random (unaligned) backscattered 
signal (the ratio is called minimum channeling yield χmin) is nearly proportional to the number of 







Appendix A.6                                                                                    
Atomic Force Microscopy (AFM) 
Atomic force microscopy (AFM) is a scanning probe microscopy for surface mapping with the 
resolution of fractions of a nanometer. As depicted in Fig. A6.1, a sharp tip at the end of a 
microscale cantilever is used to scan the sample surface. When the tip is brought into close 
proximity of a sample surface, forces between the tip and the sample cause a deflection of the 
cantilever. This deflection is measured using a laser spot reflected from the top of the cantilever 
into a photodiode. 
The AFM can be operated in several modes, such as contact mode and dynamic mode. The 
contact mode is simple, and used only when the force between the tip and the sample is 
repulsive. In this model, the pointed tip is brought into proximity to a sample surface. A 
feedback mechanism is employed to adjust the distance between tip and sample (z-direction) so 
as to maintain a constant repulsive force. The cantilever is scanned across the sample surface (in 
x, y directions), yielding a map of z-direction topography of the sample.  
 




In a dynamic mode, the cantilever is oscillated at its mechanical resonance frequency. The 
variation of tip-sample-force modifies the amplitude, phase and resonance frequency of the 
oscillation. Thereafter, the changes in oscillation with respect to the external reference oscillation 
give information about the sample's surface characteristics. 
The root-mean-square (rms) average roughness is calculated by the following equation: 
                                   
1
,rms r x y dxdy
A
                             (A6.1) 


















Appendix A.7                                                                                       
Ultra Violet- Visible (UV-Vis) Spectroscopy 
The Ultraviolet (UV)-Visible spectroscopy is a simple technique to study the fundamental optical 
properties, such as transmittance and absorption of a material in response to the light in the 
visible and near UV ranges. A spectrophotometer is mainly composed of: a light source, sample 
holders, a monochromator, and a detector (Fig. A7.1). A substrate, which is the same as the one 
used in the sample under investigation, is a reference for subtracting the absorption of substrate 
in the sample. When light is shining on a sample, if the photon energy is less than the energy gap 
of the material, light will pass through the material without being absorbed, leading to a high 
transmittance (T=Iout/Iin). However, if the photon energy is greater than the energy gap of the 








transmission of the material is low. The absorption α can be derived from transmittance using the 
following equation, 








   
 
                                       (A7.1) 
where d is the thickness of the sample, T is the transmittance and R is the reflection. 
A typical UV-visible spectrum is a plot of transmittance or absorption versus light wavelength. 
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